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ABSTRACT
The objective of this research was to develop an in-situ sensing technique that
monitors the molecular-levei response of ions and dipoies to an applied electric field in
order to characterize the changes in state of a polymer resin during chemical
processing. This technique needs to be capable o f monitoring the reaction progress not
only in the laboratory setting but also in-situ in the processing tool or reaction
environment. Frequency Dependent Electromagnetic Sensing (FDEMS) was selected
for this task.
This dissertation investigates the applicability o f FDEMS to monitoring two
types o f processing methods: reactive and batch reactor. The reactive processing
system examined involves the processing of a high glass transition thermoplastic, either
polyethylene ether or polyether imide blended with a thermoset, diglycidyl ether of
bisphenol-A and 4,4’-methylene bis [3-chloro 2,6-diethylaniline]. The batch reactor
processing systems examined involve the in-situ process control o f an industrial batch
reactor process involving five different systems: epoxy acrylic, polyester, latex,
emulsion for lotions and surfactants.
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Chapter 1.0
General Introduction
Chemical processing o f polymeric materials is both intricate and complex.
There are multiple conditions that must be controlled in order for the end product
to consistently attain desired properties. These controlling factors include
temperature, chemical concentrations, chemical reactivities, and processing
environments. With such an abundance of ambient parameters that can vary and
need to be monitored there is a high possibility o f variability within the
processing environment. This leads to end products that fall outside the desired
properties. Furthermore, analyzing properties of interest, such as viscosity, glass
transition temperature, degree of advancement, thermal analysis, ingredient
concentrations, acid number, percent oxirane, and hydroxyl number, is oftentimes
limited to techniques which require sampling the system and running either
physical or chemical analyses. The problem with these types o f analyses is the
time delay. They do not reflect the state of a material at the time o f measurement.
Thus, there is a desire to create a sensitive technique for monitoring the changing
state o f a material, in-situ, during processing at any given time. FrequencyDependent Electromagnetic Sensing (FDEMS) is an ideal technique for this
application.
At the heart of FDEMS is the ability to measure the changes at the
molecular level in the translational mobility o f ions and changes in the rotational
mobility of dipoles in the presence of a force created by an electric field.
Mechanical properties reflect the response in displacement on a macroscopic level
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due to a mechanical force acting on the whole sample. The reason why dielectric
sensing is significantly sensitive is rooted in the fact that changes on the
macroscopic level originate from changes in force-displacement relationships on a
molecular level. Indeed, it is these molecular changes in force-displacement
relationships which dielectric sensing measures as systems polymerize, cure and
age. Changes in the molecular level force-displacement relation are the origin of
the system's macroscopic changes in mechanical performance properties during
processing and during use. In addition, molecular probes are exceptionally
sensitive to the changing chemistry o f the system by monitoring concentrations
and mobilities of ionic species.
The research described herein is divided into three sections:
instrumentation, thermoplastic/thermoset composite blend processing, and batch
reactor processing. Chapter 2 describes the instrumentation employed in
particular focusing on the FDEMS sensing technique. Chapters 3 & 4 focus on a
new fabrication technique, reactive processing, using different
thermoplastic/thermoset composite blends, polyethylene ether or polyether imide
blended with diglycidyl ether of bisphenoI-A and 4,4’-methylene bis [3-chIoro
2,6-diethylaniline] as examples. Lastly, Chapter 5 discusses in-situ process
control of industrial batch reactor processing involving five different systems:
epoxy acrylic, polyester, latex, emulsion for lotions and span-80 light.

3
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Chapter 2.0
Experimental Techniques

Frequency-Dependent Electromagnetic Sensing
Frequency-Dependent Electromagnetic Sensing (FDEMS) is a simple, convenient
technique which allows continuous, on-line, and in-situ analysis of multi-component
reactions by employing impedance measurements using frequencies in the hertz to
megahertz range. These impedance measurements measure changes in the mobility,
number and dimension of two molecular entities- ionic and dipolar particles. These
measurements serve as sensitive probes on a molecular level o f the macroscopic changes
in the chemistry and physical properties, which occur during a reaction. The foundation
of FDEMS sensing lies in its ability to monitor on the molecular level the motion o f the
translation of ions and rotations of dipoles in the presence o f a force created by an electric
field. It is the same force-displacement principle used in mechanical testing except when
mechanical force is applied it is a macroscopic force acting on the entire sample and the
response is the motion of the whole sample. Indeed, it is the molecular level changes in
the motion o f the charges which FDEMS monitors during reactions which give rise to the
macroscopic changes in physical properties such as viscosity, modulus, degree o f cure,
and build up in glass transition (Tg). To better understand the foundation o f FDEMS
sensing, polarization, capacitance, and dielectric theory must be considered.

4
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Polarization
Although atoms and molecules are generally considered electrically neutral, they
contain spatially separated electrical charges1. This separation of charge allows a
molecule to be affected by an electric field, Ea. The response of atoms and molecules to
an Ea can be accurately measured and is the foundation of FDEMS sensing2.
When molecules are exposed to an E a there is a spatial separation o f unlike
charges [Figure 2 .1].3

•to-M
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[Figure 2.1 ]

To illustrate this, consider the example o f a molecule. A molecule can be viewed as a
group of atoms with each atom having a negatively charged electron cloud surrounded by
a positively charged nucleus. Upon the application o f Ea the electrons migrate toward
the positive source and the nucleus towards the negative [Figure 2.1a]. This response is

5
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the polarizability, a t. The polarizability relates to an average total polarized dipole
moment, |it. by4
Pt=a,F
[Equation 2.1]
where F is the applied force.
The polarization can be divided into three distinct components, electronic, atomic and
dipolar. Electronic polarization, Pe, [Figure 2.1a], is due to the perturbation o f the
electron cloud surrounding the nucleus in response to the applied field. This occurs
primarily with non-polar molecules. The atomic polarization, Pa, arises from a
displacement of the atomic nuclei and results in the rearranging of the atomic bond angels
and bond lengths [Figure 2.1b]. Lastly, dipolar orientation polarization, Pj, occurs in
polar molecules and occurs to an extent in all molecules that do not possess an Oh or /
plane of symmetry. Here, the dipole will attempt to align with the EA [Figure 2. lc]. The
summation of these components leads to a total polarization, P(, represented by
P t- P e~*"Pa"*"P(1

[Equation 2.2]
A material with N molecules per unit volume has a polarized dipole moment per unit
volume of N |it . This leads to a relationship with the total polarization substituted into
[Equation 2.1] giving [Equation 2.3]
P,=NatF
[Equation 2.3]
The magnitude of the Pt is determined by the frequency of EA5. Each component
of Pt will respond differently to varying frequencies. These responses will be addressed

6
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in the section on Dielectrics. Furthermore, to better understand how FDEMS
measurements relate to electrical impedance, capacitance should be considered.
Capacitance
Capacitance is the ability of a material to store a given charge for a given
potential difference. To illustrate how capacitance relates to dielectric impedance
measurements o f a dielectric material in an electric field, Ea, consider a parallel plate
capacitor. A parallel plate capacitor is one in which there are two identical plates spaced
a fixed distance apart. A voltage, V, applied to the plates creates charge, +Q and -Q , to
build on the plates [Figure 2.2]\

[Figure 2.2]
Assuming the entire apparatus is in a vacuum and the area o f the capacitor’s plates, A, are
considered large relative to the plate separation, S. If V is the potential difference,
between the plates and Q is the magnitude o f charge on the plate, then capacitance, C, is
defined as their ratio.

7
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[Equation 2.4]

Once a dielectric material is placed between the plates, the applied electric field distorts
and polarizes the charge distribution. Thus the capacitance is now defined
n _(Q±P)

v

[Equation 2.5]
with P being the polarization of the material. If the plates are sufficiently close to one
another, then any point chosen between them would behave as if next to an infinite plane
of charge7. Then, the surface charge density, cr, can be defined as the charge per unit
area, A,

_Q
°
A
[Equation 2.6]
Using Gauss’ law, each plate contributes a magnetic field, E„, where

e» = T ~

" 2*0
[Equation 2.7]
and e 0 is the permittivity o f free space, 8.854 x 10 l4C2J 'lcm '1. Considering there are two
plates, then the total field, E*, is twice [Equation 2.7]

[Equation 2.8]
This leads to the relationship between Et and the potential difference between the plates,
V,
V = E,s
[Equation 2.9]

8
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where s is the distance between the plates. By substituting equation [Equation 2.8] into
equation [Equation 2.9] we have
V =— s
[Equation 2.10]
Combining equations [Equation 2.6] and [Equation 2.10] leads to
QS
V= T ~
A e0
[Equation 2.11]
This potential expression can be represented in terms o f capacitance by combining
equations [Equation 2.11] and [Equation 2.4]

[Equation 2.12]
Dielectric Theory
FDEMS sensing acquires the capacitance, C, and conductance, G, o f materials by
measuring their dielectric impedance, Z, at a particular frequency, f. Both C and G are
geometry dependent, but can be used to calculate the intensive, geometry independent,
complex permittivity, e *. The complex permittivity is related to the dielectric
permittivity, s ' , and the dielectric loss factor,

e"

by

e*=E'-ie"
[2.13]8
where / is an imaginary component. The impedance is related to the conductance and
capacitance by

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

[Equation 2.14]

where o)=2nf. The derivation of the relationship between e \ e", G, and C begins with the
definition o f current, /, in amperes.

l = i(i)C0E *V
[Equation 2.15J
Substituting equation [Equation 2.13] leads to

I = ( i t o C 0e ' + ( o C 0E " ) V
[Equation 2.16]
Combining Ohm’s law [Equation 2.17] and [Equation 2.16] leads to [Equation 2.18]

V =IZ
[Equation 2.17]
|

= i« .C 0E'+C0e"
[Equation 2.18]

Combination of equations [Equation 2.18] and [Equation 2.14] yields [Equation 2.19]
G -HcdC =icoC0E’-KoC0EM
[Equation 2.19]
Separating the real and imaginary components leads to the following
p

_ i _ v"/ m a t e r lal

[Equation 2.20]

10
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

[Equation 2.21 ]

It is important to realize that within both the real, e ', and imaginary,

e",

components of

the complex permittivity there are ionic and dipolar contributions. The sum of the ionic
and dipolar contributions give the total contribution o f each component.9
e1-e'.+e'a
[Equation 2.22]
c n — c n -I*?11

E ~E |" d
[Equation 2.23]
The ionic component results from the translational diffusion of charge. This can give rise
to localized layers of charge near the electrodes. This ionic contribution can be described
in two equations

E\=e'a4C„Z0s i n ( ^ V '" * " ( f ) 2
2

Eo

[Equation 2.24]

[Equation 2.2S]
(7is the specific conductivity, Z=Z0(io))'n is the electrode impedance, and n is a parameter
between 0 and 1.l0 The electrode impedance is due to the piling o f charge at one
electrode which prevents complete discharge when the current alternates. Notice that
[Equation 2.25] has three terms. The first term is a dipolar contribution. It can be
neglected if the ionic component dominates the signal. This occurs at low viscosities,
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low frequencies, and high temperatures. The second term describes the conductance, <r,
of the ions translating through the medium. The third term results from the electrode
polarization. It is difficult to interpret and occurs at a very low frequency range. If the
first and third terms are small, the ionic conductivity directly relates to the loss factor by

<j = £ 0coe",
[Equation 2.26]
with a in units o f ohm‘lcm*1 if e0=8.854 x 10'l4C2J‘1cm'1.11 The conductivity can also be
defined as the summation of the product o f the molecular translational mobility, |a„ and
the concentration, N,.
cr=ZNiPi
[Equation 2.27]
This translational mobility for large particles is governed by the viscosity, q, o f the
medium by
|ii= 6 n ri

[Equation 2.28]
Typically, for a wide range of materials displaying fluid to rubbery behavior, the
conductivity can relate to the viscosity by the general relationship
occq8

[Equation 2.29]
This behavior will be further investigated in later chapters.
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The dipolar contribution to the loss factor results from the dipolar rotations and
rotational diffusions o f bound charges [Figure 2.1 c&d]). This is illustrated by the ColeDavidson function
£

* =
+£
d (l-i2trf G t)p u
[Equation 2.30]

where ris a characteristic relaxation time, e, and £u are the limiting low and high
frequency values o f Ed- p is the Cole-Davidson distribution parameter ranging from 0 to
I and measuring a distribution in relaxation times. This dipolar component dominates
primarily in highly viscous media and at high frequencies.12 The dipolar component of
the loss factor can now be determined by subtracting the ionic component, [Equation
2.28], from the complex permittivity
o
e"d = e * -----E0G)
[Equation 2.31]
The dielectric parameters of e ' and z" can also be mathematically derived by
considering an electric field and charge density. If we define the electric field, E, by
rewriting [Equation 2.9] as

- I
[Equation 2.32]
We can then define a relationship between charge density [Equation 2.6] and field with
E = 4 ito 0
[Equation 2.33]
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where cr0 is the charge density associated with a capacitor in a vacuum. Once a material
is introduced between the plates of a capacitor, the material polarizes. This leads to the
change in the ability of the capacitor to store charge and a new effective charge density,
a, with polarization, P

o = c 0 +P
[Equation 2.34]
If the material is a dielectric, the charge density increases by the static dielectric constant,
es, of the material
0 = E S0 0

[Equation 2.35]
Since the charge density is now a combination of the external electric field and the
materials polarization one can define a field quantity, D, as
D =4tt<j
[Equation 2.36]
Considering equations [Equation 2.33], [Equation 2.34], [Equation 2.35], and [Equation
2.36] we arrive at
E+4nP=D
[Equation 2.37]
D = e sE
[Equation 2.38]
By combining [Equation 2.37] and [Equation 2.38] one can define the static dielectric
constant in terms o f static polarization, P$,

14
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[Equation 2.39]

This relationship holds when the system is at equilibrium. The Ps term has two major
contributions, the dipolar static polarization. Pp. and the optical polarization, P«. This
leads to [Equation 2.39] being written as

! ,- i= ( Y X P a + P»)
[Equation 2.40]
which also leads to an optical dielectric constant, e«,
em • 1 = (— i ® - ) = n2 • 1

[Equation 2.41]
where n is the refractive index.
In non-equilibrium situations such as during the application o f an electric field,
E(t), Poo responds instantaneously while Pd responds proportional to its distance from
equilibrium.

. dPp, _ p m
^)

,

PqCO

v E(t)

( e s ' EM )C ^

)

[Equation 2.42]
FDEMS utilizes an alternating current therefor the solution for [Equation 2.42] for a
periodic field is complex
E*=E0e'"'
[Equation 2.43]
This solution may also be written in terms o f Pd* where
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R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited without perm ission.

[Equation 2.44]

with K being the initial polarization. Here, one can neglect the first term because the
second term dominates in comparison. This leads to the definition of a dielectric constant
where if K=0 from [Equation 2.44] we arrive at
. PD*(o) t) e , - e—
e *(a ) • c , ~4n ° , ' = - s—
E (cot)
l+Kot
[Equation 2.45]
Considering that the complex permittivity is divided into real and imaginary components
[Equation 2.13]
e*(co)=E'(co)-ie"(co)
[Equation 2.46]
leads to
(e. - e „ )

s'(0) )= £ — + /. ■
K '
• • (1+ ICO

T )

[Equation 2.47]
and

£ > ) = ( E s - e » ) ( 1^ 2 T2)
[Equation 2.48]
Equations [Equation 2.47] and [Equation 2.48] are called the Debye equations and are
illustrated in [Figure 2.3 a&b]
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[Figure 2.3 a,b,c]
[Figure 2.3 c] illustrates the dielectric loss angle, tan 5. In an ideal situation where the
material being measured is a loss-free dielectric and the voltage used to maintain the
charge on a capacitor is generated by the alternating current is sinusoidal, then the current
leads the voltage by 90°. However, in real dielectrics the current leads the voltage by 90 °8 where 5 is the dielectric loss angle and is a measure of the electric energy lost in an AC
current by a capacitor.13
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( e s -E«»)(at

£5 + £ ^i) 2T2
[Equation 2.49]
[Figure 2.3 a&b] illustrate that for a particular frequency there is dipolar
relaxation absorption. For e' the absorption is half way down the curvature while for s" it
is at the top o f the peak. This absorption is significant because it describes when the
system has attained a “mean” dipolar relaxation value of

t

-

-

o)

-

—

2itf

[Equation 2.SO]
where f is the frequency of measurement. This dipolar relaxation time monitors the
dipolar mobility and is a sensitive molecular probe to changes in the physical state o f a
material as it cures and vitrifies. For example, the dipolar relaxation peak as measured at
a particular value of e"(w) has been quantitatively related to the build up in and
attainment of specific values o f the glass transition temperature. Furthermore, the dipolar
rotational mobility as measured by t is proportional to the viscosity of a medium. For a
large spherical particle (bigger than the solvent molecule) of radius r
_ 8ir r3ri
T” 2kT
[Equation 2.51]

The two properties o f e' and e" are the crux o f this research. Primarily, it is their ionic
contributions that dominate e*. Monitoring the ionic components o f the complex
permittivity allows for identifying quantitative relationships between measurable
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molecular mobilities and macroscopic qualities. These correlations between the
molecular measurements and the macroscopic state o f the material make FDEMS sensing
a powerful analytic tool.
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Viscosity
Viscosity is the resistance o f a fluid to flow. This resistance acts against the
motion of any solid object through the fluid and also against motion o f the fluid itself past
stationary obstacles. Viscosity also acts internally on the fluid between slower- and
faster-moving adjacent layers. All fluids exhibit viscosity to some degree. To
understand viscosity, one should look at the fundamental concepts regarding the flow
behavior o f liquids. Consider a fluid that is confined between two parallel plates, each of
area, A, and separated by a distance, z [Figure 2.4]M.

[Figure 2.4]
If one of the plates is moved at a speed, v, by a force, F, with respect to the other, then F
is directly proportional to v and A and is inversely proportional to z. The proportionality
constant is the coefficient o f viscosity, rj, where
F -

VA

f - " T
[Equation 2.52]
The units of viscosity used are Poise (P) where 1 Poise = 10 Pascal seconds and

P o ,s e = Q
[Equation 2.53]
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Two instruments were employed to acquire the coefficient o f viscosity, a Rheometrics
Dynamic Analyzer 700 and a Brookfield Viscometer.
The Rheometrics Dynamic Analyzer 700 attained q by sandwiching a sample
between two parallel plates of known geometry. One plate oscillated at a known
frequency while the other responded to the oscillation by activating a transducer. The
distance between the plates was measured and q was calculated from [2.52].
The Brookfield Viscometer, [Figure 2.5] used a comparative viscosity.

[Figure 2.5]
The apparatus consisted of a plate of known area rotating about an axis. The number of
revolutions per minute, rpm, about the axis was controlled. The measurements made
were of the resistance to the rotations of the plate at that particular rpm. The greater the
r\ the more resistance to the rotation. Since this is a comparative viscosity, one must
derive the in-situ viscosity o f a sample analyzed from the resistance readings o f a known
viscosity sample. The Brookfield company provided the calibration samples. The
relationship between the standard’s data (readingi, rpm\, qi) with the measured data
(reading2 , rpmz, q 2 ) gives the coefficient o f viscosity for the sample, q 2 - This
relationship is
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(re a d in g ,)
( (r pm,) ^

_ ,(r e a d i n g 2)v
( (rp rr^ ) ^

[Equation 2.54]
Solving for t ]2 gives
(r e a d i n g 2)(r prrn)

1,2

(r e a d in g i) ( r prr^)

1

[Equation 2.55]
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Differential Scanning Calorimetry
Differential Scanning Calorimetry, DSC, measurements were performed on a
Perkin-Elmer DSC instrument. The technique o f DSC involves recording the energy
necessary to establish a zero temperature difference between a substance and a reference
material against either time or temperature as the two specimens are subjected to an
identical temperature program. The technique involved specimens of 5 to 10 milligram
(mg) placed in aluminum sample pans. The apparatus is illustrated in [Figure 2.6].

Temperature Sensors

V

Individual Heaters

[Figure 2.6]
The pans do not exhibit any thermal transitions in the temperature range
employed. The key idea involved in this instrument is that two compartments, sample and
reference, are purposely maintained at a very small temperature difference o f ±0.01°C.
Each compartment has two heaters - a main heater and an auxiliary heater. Supplying
power to the main heaters so that the temperature o f each compartment begins to rise
starts an experiment. Very small differences in temperature between the two
compartments will result in practice. Each cell, sample and reference has a thermocouple
that senses the off-balance temperature T and produces a corresponding voltage. An
operational amplifier amplifies this small voltage (0-5 pV). The amplified voltage is used
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to drive the auxiliary heater on the sample cell, which then acts to keep the off-balance
signal close to zero. The instrument output is power vs. time or temperature. The
ordinate value at any time or temperature is related to the difference in heat flow between
a standard sample and the unknown; this is related to the kinetics o f the process.
Integration o f the area under the heat flow curve yields the enthalpy change associated
with the thermal event of interest.
This integration is described in [Equation 2.56]

[Equation 2.56]

where Hr is the heat of reaction, dQ/dt is the rate o f generation, and di is the time
differential.
A schematic of a typical reactive system, such as the epoxy amine reactions to be
discussed later, is in [Figure 2.7]
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[Figure 2.7]
Here, the system would be isothermal and the DSC scan is Heat Flow or Current vs.
Time. The kinetics and extent of polymeric advancement can be determined from this
data by calculating a parameter a c, or degree o f cure. This is defined in [Equation 2.57]

H(t)
a c

[Equation 2.57]
where the sum heat generated to time t is H(t).
Glass transition (Tg) and melting temperatures (Tm) can also be determined by
DSC scan15 [Figure 2.8].
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[Figure 2.8]
This schematic is one o f a non-reactive system such as a thermoplastic. The Tm is a first
order transition indicative o f the enthalpy o f fusion. The Tg is a second order transition
describing the transition from a vitreous to rubbery state.
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Size-Exdusion Chromatography
Size-Exclusion Chromatography (SEC), also called Gel Permeation
Chromatography (GPC), relies on the differences in partitioning behavior between a
flowing mobile phase and a stationary phase to separate components in a mixture. The
mobile phase is a solvent, such as tetrahydrofiiran (THF) or hexafluroisopropanol (HFIP),
which completely dissolves the sample, and the stationary phase is a column packed with
porous particles to separate molecules of different sizes. The technique is generally used
to separate biological molecules and to determine molecular weights and molecular
weight distributions of polymers. Molecules that are smaller than the pore size can enter
the particles and therefore have a longer path and longer transit time than larger
molecules that cannot enter the particles (Figure 2.9].

.Column
Porous Particles ‘
(Stationary Phase),

Small molecule
|
Large molecule
Schematic of SEC column

[Figure 2.9]
Molecules larger than the pore size cannot enter the pores and elute together as the first
peak in the chromatogram. This condition is called total exclusion. Molecules that can
enter the pores will have an average residence time in the particles that depend on the
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molecule's size and shape. Different molecules therefore have different total transit times
through the column. This portion of a chromatogram is called the selective permeation
region. Molecules that are smaller than the pore size can enter all pores, and have the
longest residence time on the column and elute together as the last peak in the
chromatogram. This last peak in the chromatogram determines the total permeation limit.
As the components elute from the column they can be quantified by a detector
and/or collected for further analysis. An analytical instrument can be combined with this
separation method for on-line analysis. Examples of such "hyphenated techniques"
include SEC coupled with viscosity, refractive index and light scattering detectors.
Separation columns may be set in series with differing pore sizes to aid separation
efficiency. The columns employed were 1000 °A in tandem with 500 °A, the solvent was
THF, and the flow rate was 1 milliliter per minute.
The utility of SEC is not merely limited to determination of molecular sizes and
weights, but also used to determine reaction kinetics16. The kinetics can be determined
by periodically quenching small samples o f the curing reaction mixture at various time
intervals. These samples are then dissolved in solvent and injected into the SEC
instrument. The resulting chromatograms illustrate various degrees o f cure.
Kinetics can be determined by comparing the height o f the monomer peak on
each chromatogram. As the monomer reacts, its peak disappears. In the cases studied,
the monomer was a diepoxide and using [Equation 2.58] one can follow its
disappearance.

»»£>
[Equation 2.58]
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Ao is the height in the peak at time=0 and Ai is the height in the peak at time=t.
Considering that all the epoxide functions have the same reactivity, the fraction of
monomer not reacted, X, at a certain conversion o f epoxy functions, x, is given by the
simultaneous probability that the two epoxide groups on the same monomer remaining
not reacted and follows [Equation 2.59]

M0
[Equation 2.59]
and thus leads to
,

At

i

(a 7 !
[Equation 2.60]
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Chemical Techniques
The chemical techniques employed were Acid Number, Percent Oxirane,
Hydroxyl Number, and Saponification Number. These analyses are currently employed
by the chemical industry to monitor the advancement of batch reaction chemistry. The
results from these titration techniques are used to formulate decisions as to when to add
materials, change the time/temperature criteria, or terminate the reaction. Thus, their
accuracy is crucial to control the quality of the products. These techniques involve
removal of a small sample from a reacting system, dissolving the sample, and titrating to
an endpoint. All the procedures involved with these techniques were provided by
Imperial Chemical Industries.
Acid Number
Acid number is a measure o f the concentration of carboxyl end groups. It can be
defined as the weight in milligrams of potassium hydroxide (KOH) required to neutralize
1 gram o f sample. For example, if x grams o f the sample titrated with KOH o f normality
N required y milliliters for neutralization, then the acid number, AN, was [Equation 2.60].

AN = (5-61)(y)(N)
x
[Equation 2.60]
Percent Oxirane
Percent Oxirane is a determination o f the epoxy content of samples by dissolution
in methylene chloride and titration to a Crystal Violet end point with standard perchloric
acid in the presence of an excess of tetramethylammonium bromide. The hydrogen
bromide generated in-situ by the addition o f perchloric acid to the quaternary ammonium
halide rapidly opens the oxirane ring. Once all the rings are opened, excess perchloric
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acid changes the pH of the system triggering an end point color change. For example, if
x grams of the sample titrated with perchloric acid of normality JVrequired y milliliters
for neutralization and had a percent solids o f D (D=.85 for the system considered) the
percent oxirane, PO, was [Equation 2.61]

PO
(*)(D)
[Equation 2.61]
Hydroxyl Number
Hydroxyl Number is an acetylation o f the hydroxyl group using acetic anhydride
and pyridine. Excess acetic anhydride is hydrolyzed with water and the resulting acetic
acid is titrated with standard alcoholic potassium hydroxide solution.. For example, if x
grams of the sample titrated with KOH o f normality Af required y milliliters for
neutralization and the average milliliters o f KOH required to titrate the solvent to
neutrality was £, and the samples acid number was AN then the hydroxyl number, HN,
was [Equation 2.62]
H N = ! B1 yHNK5&? + A N
X

[Equation 2.62]
Saponification Number
Saponification Number is defined as the number o f milligrams o f KOH required
to saponify one gram of sample. The sample is refluxed with alcoholic KOH and the
unreacted KOH is subsequently titrated with HC1 solution. Free fatty acids are
neutralized to soaps (as in the acid number method) and oils and fats are saponified to
form soaps and polyols.
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If it is desired to obtain a measure o f only the combined (esterified) fatty acid, it is
necessary to subtract the acid number from the saponification number. This difference is
known as the ester number.
An example o f the saponification number calculation follows. If x grams of the
sample titrated with KOH of normality N required^ milliliters for neutralization and the
average milliliters of KOH required to titrate the solvent to neutrality is B then the
saponification number, SN, was [Equation 2.63]
c i W B ' y)(N)(561)
x
[Equation 2.63]
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Chapter 3.0
Introduction to Reactive Processing
Two high performance thermoplastics were studied for use as high performance
materials, polyethcr imide (PEI) and polyphenylene ether (PPE). Both have superior
resistance to solvents and posses desirably high glass transition temperatures (TgPEi=210
°C, TgppE=212 °C). It is this high glass transition temperature though which creates
several major engineering challenges. Due to the high Tg and subsequently high
viscosity, these materials are difficult to mold or suffer degradation at temperatures
which allow for a processable viscosity. This begs the question as to how can one lower
the processing temperature yet still maintain the desired material properties of toughness
and strength? A potential solution could be to soften the thermoplastic by use of a
solvent, then extract the solvent. However, this technique is limited by the problems of
solvent evaporation during processing creating entrapment of mechanically weakening
pockets of solvent. A novel approach to solve these problems has been investigated and
is termed reactive processing11'3).
Reactive processing exploits the solubility o f the thermoplastic by dissolving it in
a thermoset precursor*2'81. In this case, the thermoset precursor is an epoxy-amine of
diglycidylether of bisphenoI-A (DGEBA) and 4,4-methylene bis(3-chloro-2,6
diethylamine) (MCDEA). This technique allows for a significant reduction in the
processing temperature o f the system, thereby enabling the mixture to be molded into the
desired geometry. The advantage o f this technique is that it eliminates the problem
associated with the evaporation of the solvent and weakened areas because the system
can then be isothermally cured creating a mixture o f high performance thermoplastic and
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thermoset. The advantages of this technique also create a complexity and potential for
variability in processing. This is due to the final mixture being two-phased with one
phase richer in thermoplastic and the other richer in thermoset. The final morphology of
the phases is highly dependent on the starting percent composition o f the materials and
the cure profile which it witnesses.
Initially, the blended thermoplastic and thermoset precursors are homogeneous.
As the thermoset polymerizes, the entropy o f mixing, ASm, decreases with increasing
molecular weight. It is this entropic term which oftentimes dominates the free energy of
mixing, AGm=AHm-TASm. Thus, there comes a point where the molecular size of the
thermoset oligomers makes the free energy o f mixing unfavorable and the system loses
its homogeneity and separates into two phases. One phase is termed the a-phase and is
rich in thermoset while the other phase is termed the (3-phase and is rich in thermoplastic.
Generally, thermoplastic-epox> thermoset systems o f a greater than 25% weight
composition of thermoplastic end up with a continuous phase rich in thermoplastic with
occluded thermoset rich particles(8). During the phase separation process, epoxy-amine
monomers are continually diffusing from the (3-phase to the a-phase. This diffusion
process generally continues until the (3-phase vitrifies. The overall reaction then
continues until the a-phase is fully cured or attains a glassy state.
The utility of processing high temperature thermoplastics using reactive solvents
consequently creates much complexity. Now, the processing time is controlled by the
reaction rate of the solvent and final morphology/performance properties are dependent
on thermoplastic concentrations and processing time/temperature criteria. As such, it
becomes a necessity to be able to monitor the entire reaction prior to, during and after
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phase separation. It is during these three stages that the final product properties are
established. Thus, there is a necessity to have a sensitive, in-situ technique for
continuously monitoring the entire reaction. For the PPE and PEI thermoplastic systems
in-situ dielectric sensing, Theological testing and various other techniques were utilized.
For the cases of PPE and PEI, each system shall be investigated separately.
Chapter 3.1 is a summation of results from the publication [Poncet, S.; Boiteux, G.;
Pascault, J.P.; Sautereau, H.; Seytre, G.; Rogozinski, J.; Kranbuehl, D. Polymer, 1999
40(24), 6811-6820] dealing with PPE in DGEBA/MCDEA. PEI blends greater than 25
wt % TP are described in a publication, which was accepted for publication in
Macromolecules on February 10,2000, and included in its entirety as Chapter 3.2.
Chapter 3.3 investigates PEI blends of less than 25 wt % TP where the TS evolves into
the continuous phase with TP occlusions.
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Chapter 3.1
PPE in DGEBA/MCDEA

FDEMS measurements have been used to monitor and characterize the
phase separation process in high performance thermoplastic-thermoset blends of
2 ,6-dimethyl-1, 4 phenylene ether, [PPE], with an epoxy diglycidylether o f
bisphenol A, [DGEBA], and 4,4-methylene bis(3-chloro-2, 6 diethylamine),
[MCDEA]. The systems studied are 30%, 45% and 60% PPE/DGEBA-MCDEA
blends. The results are compared with dynamic mechanical measurements and
the developing morphology.

Experimental
Mixtures of 30%, 45%, and 60% PPE, distributed by General Electric as
PPE800 and PPE820 with Mn=I2000 and Mw=25000 grams per mole, were
blended with DGEBA, sold by Dow Chemical as DER332 with 345.5 grams per
mole, and a stoichiometric amount of MCDEA, 380 grams per mole from Lonza
[Figure 3.1.1].
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[Figure 3.1.1]

The DGEBA and MCDEA were mixed at 80 °C using an IKA dual blade mixer
prior to combining with the PPE. The epoxy-amine mixture was then introduced
into a twin corotative extruder from Clextral and extruded with the PPE at 175°C.
[Figure 3.1.2] Mixture concentrations were controlled by introducing the PPE
into the extruder at varying rates while the DGEBA-MCDEA addition rate
remained constant. After the extrusion was complete, the advancement o f the
mixture was determined to be between a=0.03 and 0.07 by SEC.

40
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

41

Tem perature zones
Interior o f extruder

nmtui'iwi/.ua\'ummtuumuh
* r n .t u U f l . i l - w f t
WUiiitiJWUii. U A U l w u 'liu w ttn u .

U

~"M
m
tminuF' \\WtJ
>v
HSHnnuit1' *tWii

[Figure 3.1.2]
Dynamic mechanical and rheo logical measurements were made on a
Rheometrics RDA II. The apparatus was configured to employ 25mm in diameter
parallel plates, 1.5mm gap between the plates, strain < 3%, frequency at 10
radians per second all within a temperature controlled chamber.
Frequency-dependent complex dielectric measurements were made using
a geometry-independent interdigitated electrode sensor1[Figure 3.1.3]. This
sensor is inserted into the blend and the impedance is measured by an impedance
bridge controlled by a microcomputer. The impedance bridge was either a
Schlumbeger 1260 or a Hewlett Packard 1490 and the microcomputer was a
standard PC. This system permits multiplexing o f sensor measurements. The
sensor itself is planar, 25 millimeter by 12.5 millimeter in area, and 0.5 millimeter
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in thickness. Its composition involves a kapton or glass-ceramic substrate etched
with successive layers of conductive metals. The sensor is inert and has been
used at temperatures exceeding 400°C and pressures over 1000 pounds per square
inch. Sensor frequency ranges employed were from the hertz to megahertz range
and were taken continuously throughout the cure cycle at regular intervals. Data
collected by the bridge was then converted into the complex permittivity,

e * = e '-

is".

Kapton or Ceramic
Substrate I

Silver Epoxy Soldering
[Figure 3.1.3]
The plots of the frequency, [to], multiplied by the imaginary component of
the complex permittivity,

[ e " co],

make possible simple determination o f when the

low frequency magnitude of e" is dominated by the mobility of ions and when at
higher frequencies the rotational mobility o f bound charge dominates

e" .

Generally, the magnitude o f the low frequency overlapping values of e"co can be
used to measure the change o f the ionic mobility or conductivity, a. The
derivation of ct from the complex permittivity was illustrated in [Equation 2.13] to
[Equation 2.26].
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The change in the ionic mobility o f the system is a molecular probe which
monitors the changes in viscosity as the reaction progresses. The dipolar
component of the loss, particularly at high frequencies, is also sensitive to the
progression of the reaction. The dipolar portion can be calculated by subtracting
the ionic component.

e , , (co)d , p o . a r = e , , ( c o ) - - ^ -

UJ5o

[Equation 3.1.1]
As the reaction progresses peaks in the c" dipolar appear. These peaks are dipolar
relaxation absorptions and describe when the system has attained a specific
“mean” dipolar relaxation time [Equation 2.50]. These dipolar relaxations as
measured by the mean relaxation time can be used to monitor the a-relaxation
process associated with vitrification and can be used to monitor the build up in Tg.
The frequency of occurrence o f a given dipolar a-relaxation time as measured by
a peak in a particular high frequency value of e " ( g)) can be quantitatively related
to the attainment of a specific value of the glass transition temperature11 8).
As the reaction further progresses, the system separates into two phases.
This phase separation process is marked by an interfacial polarization which
occurs in heterogeneous dielectrics19’18*. This phenomena arises at the interface
o f two media having differing permittivities and conductivities. These interfacial
effects can be quite substantial oftentimes creating increases in e' by factors o f 10
and a charge polarization relaxation time. This effect is dependent on the
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magnitude of the conductivity differences (o2-<ri) between the occluded phase,

02,

and the continuous phase, cj|.
The most well known theoretical model of this effect is the MaxwellWagner-Sillars (MWS) model(19'21). Using this model, the complex dielectric
permittivity o f the mixture, e*o), o f orientated occluded ellipsoids with complex
dielectric constant, £*2(03 ), at a volume fraction, v2, dispersed in a continuous
matrix with a complex dielectric constant, e*i(co), can be calculated from the
following [Equation 3.1.2]:
«_ gi*(l-V2)(l-A)+e2*(v2 + A ( l - v 2))
E El
e^+ A a-v^-O
[Equation 3.1.2]
Where A, (OsA< 1), is the depolarization factor of the ellipsoidal filler particles.
It depends on the shape of the particles (length of the long a to b short axis ratio
for spheroids) and of the orientation of the field relative to the particle. For
prolate spheroids (rod or needle-like) oriented along the shorter axis, A lies
between 0 and 1/3, while for oblate spheroids (disc-like) oriented on the shorter
axis, A lies between 1/3 and 1. For spheres A=l/3.
Further description of the MWS effect leads to an equation for the static
permittivity, es, and a MWS relaxation time, xMws [Equation 3.1.3 and 3.1.4]:

Es

El

gi+[A( l-v2) + v 2](g2-q i) ,
[01+ A(o2 -gt)](e2 ' £t)' [(E1+ A(e2 •EOK0 2 ' q 1)
g i ■*"A(l- v 2)(g 2 ■g 1)
2° ‘
[ g i + A(l-v2)(o2 -(j 1)]2

[Equation 3.1.3]
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' “ >«

gi+ACl-VzKez-et)
t ° 8 I + A ( l - v 2 )(<r2 -<T1)
[Equation 3.1.4]

where e0 denotes the permittivity of free space, cri, and csi are the conductivities
o f each phase. ei and

62

are the limiting low frequency permittivities for which by

definition e"=0. An extended MWS model for randomly orientated ellipsoids
shows that in such a case a distribution in the morphology (shape and/or
orientation) of the occluded ellipsoids leads to a distribution of the relaxation
times because of the distribution of the A values.
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Results and Discussion
The three mixtures of 30%, 45% and 60% by weight PPE were cured at
four temperatures: 150°C, 175 °C, 200 °C and 225 °C. A TEM analysis photo in
[Figure 3.4] illustrates the final morphology after isothermally curing at 175 °C
for 5 hours followed by a 2 hour post cure at 200 °C to fully cure the epoxy. For
30%, 45%, and 60% by weight PPE (bottom three pictures), [Figure 3.1.4] shows
phase separation with the a-phase occluded particle in a continuous P-phase as
opposed to the reverse in the 10% weight PPE mixture (top picture). The photos
also show a variation in particle size as the weight percentage o f PPE increases
[Table 3.1.1]

[Figure 3.1.4] TEM analysis photo of 10%, 30%, 45% and 60% PPE (from
top to bottom)
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Table 3.1.1
Morphologies of Various PPE/DGEBA-MCDEA Blends
Final Volume %
Continuous Phase

Average Diameter of
Occluded Particles
(urn)
2.3±2.7

30

Initial
Volume %
PPE
27.3

45

40.5

43±2

1.3±.09

60

58

64±2

.7610.3

Weight % PPE

28±2

As a representative plot of the mechanical measurement results, [Figures 3.1.5 to
3.1.6] show the results at 175 °C at 10 rad/sec, strain<3%, using 25mm diameter
parallel plates with a 1.5mm gap for the 45% PPE blend. The values o f G', G", 8
and r\* all show distinct changes with time. First at 35 minutes, there is a sharp
rise of G' and r|* which is attributed to the onset of phase separation. It is known
for PPE/epoxy-amine blends that in mixtures of 25% or greater PPE, phase
separation-inversion occurs where the continuous (J-phase is rich in PPE(22'24).
This results in the continuous P-phase becoming richer in PPE, less plasticized
and the viscosity rises rapidly. The important practical consequence o f this effect
is that by blending a reactive epoxy with PPE the initial processing temperature
for flow of this otherwise high viscosity high performance thermoplastic is
significantly reduced even below its Tg o f 213 °C. The onset o f a PPE rich phase
vitrification peak for the 10 rad/sec is observed in 5 and G" cure at 70 minutes
and a peak at 86 minutes. The elapsed time to the mechanically observed onset o f
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phase separation arc reported in [Table 3.1.2] for the three mixtures and four
isothermal reaction temperatures.
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Using Dynamic Mechanical Measurements to Detect Phase Separation and
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Table 3.1.2
Monitoring Onset of Phase Separation
Time to Phase Separation (minutes)
Frequencies: Mechanical = 10 radians/second, Dielectric = 31,400 radians/second
_______________________________ (5kHz)_______________________________
200°C
225°C
175°C
150°C
Composition of Time in Minutes
(minutes)
(minutes)
(minutes)
(minutes)
to Phase
Initial
Separation
Homogeneous
Mixture (weight
% PPE)
7/6
Mechanical/
15/
11/
Heterogeneous
30
15
Dielectric
from the
18
Beginning
54/
12/
35/
21/
Mechanical/
45
46
36
7
10
Dielectric
166/
43/
23/
Mechanical/
82/
60
24
130
77
43
Dielectric

Mechanical measurements are difficult to make in the processing tool
environment. Furthermore, they reflect macroscopic forcc-displacement changes.
Thus it is o f interest to examine the ability of dielectric, electric field molecular
force-displacement measurements o f ions and dipoles to detect the phase
separation and advancement of cure in this reactive thermoplastic/epoxy-amine
system.
[Figures 3.1.7 and 3.1.8] display the dielectric in-situ sensor
measurements (FDEMS) of log[co£"(co)] and e ' . Both e " and s' show a sharp rise
due to an interfacial charge polarization at 36 minutes. This large increase in e "
and e' is due to the onset of phase separation of occluded regions rich in a more
conductive epoxy-amine surrounded by the much less conductive PPE rich
continuous phase. [Table 3.1.2] reports the elapsed time o f the dielectric
observed onset of phase separation.
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Using Frequency Dependent Dielectric Data to Monitor Phase
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The dielectric measurement detects the onset of phase separation as a
charge polarization which arises with the onset o f phase separation over
molecular dimensions. The dielectric sensitivity to change in capacitance can be
thought of as a charge/distance ratio, which can be large even for small values in
charge polarization if the molecular distance is small. On the other hand, changes
in mechanical properties are generally observed when the change involves the
buildup of a connective molecular structure which manifests itself over
macroscopic portions of sample. Thus we might expect the dielectric charge
polarization arising from the onset o f phase separation to be observed prior to
mechanical detection.
The fact that onset of phase separation charge polarization is seen at
approximately the same time as in the mechanical testing suggests the initial rate
of change from a homogeneous system to a heterogeneous, two-phase material is
rapid and initially involves a large amount of the thermoset precursor occluding.
This generates a morphology of a continuous phase very rich in high-Te
thermoplastic that can be seen by a macroscopic measurement o f mechanical
properties.
The position of the charge polarization phase separation relaxation peak in
c" can be compared to the theoretical predictions o f the MWS model [Equations
3.1.2-3.1.4]. Here, subscript 1 refers to the PPE rich continuous (3-phase and the
subscript 2 refers to the a-phase, epoxy amine rich occluded particles. Assuming
spherical occlusions, A=l/3, with a volume fraction, V2 , of the occluded phase
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equal to the initial thermoset precursor percent and using the values o f £ 2 and a 2
for the neat DGEBA-MCDEA epoxy-amine system at the respective cure
temperatures for ei and <j| o f the neat PPE; [Equation 3.1.4] can be used to
calculate, with these assumed values, the MWS relaxation time,

tm w s -

This

relaxation time is related to the respective frequency f=(27tT)'' where an e" loss
peak should initially occur. These predicted peak values of e" using the initial
volume percents as reported in [Table 3.1.1] for a 27.3% by volume PPE/epoxy
system range from 1.Oto 2.9 kHz over 150°C to 250°C, for 40.5% PPE from 1,2
kHz at 150°C to 4.1 kHz at 225°C and for 58% PPE from 1.3 kHz at 150°C to 5.2
kHz at 225°C. The observed frequencies for all of the temperatures and the three
compositions are in the high kHz frequency range when the e " peak is first
observed as seen for example in [Figures 3.1.7-3.1.8].
The fact that the MWS predicted relaxation times and the observed peaks
in s"(co) differ by a factor of ten to several hundred is troubling. Since the exact
values o f £2 , 0 2 , Ei, tfi, and V2 are not known at the onset and during the phase
separation process because o f the ongoing diffusion and reaction advancement
processes described, other MWS predictions of Tmws were made using different
values for the particle shape, and differing values o f £2 , cr2l £t, and Oi assuming a
mixture of PPE and epoxy in each phase. The effect o f these “possible values”
was at a maximum, a factor of 10 to either increase or decrease t m w s - Thus use of
other possible values of a and e in the MWS equation could not fully account for
the initial high frequency peaks in e"(co).
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Following the onset of phase separation a number o f interrelated processes
are occurring. First, the epoxy-amine n-mers are diffusing out o f the
homogeneous system as the epoxy-amine reaction advances and thereby becomes
less soluble, thus the number and size of these a-phase epoxy rich particles is
changing with time. Similarly the composition of both the a and (3-phase is
changing. As the epoxy-amine reaction advances, the a-cpoxy rich phase
becomes more viscous and its conductivity decreases. As the epoxy-amine nmers diffuse out of the PPE rich (3-phase, the P-phase also becomes more viscous
as it becomes richer in PPE. Thus the Tg of the continuous PPE rich phase
increases from below the cure temperature both because of the Tg o f the pure PPE
is higher (2I3°C) and because the residual epoxy-amine in the continuous phase is
advancing. Insight into these rate processes, is acquired by observing the
mechanical and dielectric properties and may provide an explanation for the high
frequency peaks in e"(co). A phase diagram schematic is shown below [Figure
3.1.9J
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Schematic of Development of a and P Phases
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[Figure 3.1.9]
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[Table 3.1.3] reports the time of occurrence of the mechanical relaxation
peak in § as shown in [Figure 3.1.6] for each of the temperatures and
compositions studied. No peak is observed for the 225 °C reactions as this
temperature is above the Tg o f the neat PPE. The results show an a-relaxation
peak associated with Tg occurring at increasingly longer times as the starting
homogeneous blend becomes richer in thermoplastic and shorter times as the
temperature increases. We can assume the phase separation process is stopped by
the vitrification of the PPE rich phase. At this time the P-phase has become rich
enough in PPE such that its Tg is approximately equal to the isothermal cure
temperature.
The dielectric output is also sensitive to the vitrification of the PPE rich
phase. As indicated in [Figures 3.1.7 and 3.1.8], the a-relaxation associated with
the Tgof the PPE rich continuous phase can be observed after the magnitude of
the charge polarization decreases due to the decrease in at as the epoxy-amine
component reacts. The dielectric measurements of the a -relaxation glass
transition process are made at high frequencies relative to mechanical
measurements and thus they occur at shorter times. The 500 Hz dielectric
measured times o f occurrence o f the a -relaxation Tg relaxation for the three
systems and three temperatures examined are reported in [Table 3.1.3]
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Table 3.1.3
Monitoring Buildup in Tg of Continuous PPE Phase as Epoxy DifKises Out
Time to Vitrification of PPE phase (minutes)
Frequencies: Mechanical = 10 radians/second, Dielectric = 314* radians/second,
(500Hz)

Composition of
Initial
Homogeneous
Mixture
(weight % PPE)
30%

45%

60%

Time in Minutes to PPE
Continuous Phase
Vitrification

150‘‘C

175°C

200°C

(minutes)

(minutes)

(minutes)

Mechanical/

/

63/

47/

Dielectric

65

26

19

Mechanical/

153/

86/

59/

Dielectric

108

60

29

Mechanical/

243/

132/

90/

Dielectric

233

115

65

The dielectric relaxation peaks associated with the Tg o f the PPE rich 13phase in [Figure 3.1.7] are identified in the 5kHz to 125kHz range. The a relaxation process in polymer systems can be observed at higher frequencies, e.g.
5kHz to 500kHz, but these peaks are masked by the much larger charge
polarization increase in the value o f e*. Nevertheless, it is likely that the lack of
agreement between the measured t and the predicted tmws is at least partially a
result of the peak in e"(a>) during the onset of phase separation which arises from
a combination of t m w s interfacial relaxation process and the high frequency onset
of the a-relaxation vitrification process o f the PPE rich (3-phase.
Next, the net time involved in the phase separation processes as monitored
by the elapsed time to mechanical vitrification of the PPE rich phase minus the
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onset of phase separation was examined. These times are reported in [Table
3.1.4]. The time decreases as the temperature increases indicating two
phenomena: the kinetics of the epoxy-amine reaction are occurring and there is an
increase in the diffusion rate of the phase separation process in a less viscous
media. Thus the higher isothermal temperature has a greater effect on the kinetics
of the newly forming n-mers and their diffusion into the a-phase than the increase
in purity of the PPE rich phase required to reach the higher Tg associated with the
higher cure temperature. Furthermore, the smaller difference in time at each
temperature for 30% PPE, relative to 45% PPE and 60% PPE again suggests the
kinetics of this reaction are initially very rapid in the higher epoxy-amine
concentration, lower viscosity 30% PPE, 70% epoxy-amine system such that this
system is almost able to catch up to and attains a pure enough PPE rich
continuous phase to vitrify before the initially much richer 60% PPE, highly
viscous system.
Table 3.1.4
Time to Mechanical Vitrification of PPE Phase Minus
(Dielectric/Mechanical) Phase Separation (minutes)
Frequencies: Mechanical = 10 radians/second, Dielectric = 3141 radians/second,
(500Hz)
Time
in
Minutes
to
Composition o f Initial
PPE Continuous
Homogeneous
175°C
150°C
200°C
Mixture
Phase Vitrification
(weight % PPE)
(minutes) (minutes)
(minutes)
37/
Minus Dielectric/
45/
30%
Minus Mechanical
48
36
50/
107/
40/
45%
Minus Dielectric/
51
38
Minus Mechanical
99
55/
60%
Minus Dielectric/
46/
113/
50
47
Minus Mechanical
77
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[Table 3.1.5] reports values o f the a-relaxation Tg peak for the occluded
epoxy rich a-phase as observed by the dielectric measurements. Also reported in
[Table 3.1.5] are the values for the neat DGEBA-MCDEA system under similar
isothermal temperatures. From these data it is quickly apparent that the epoxy
amine rich 30% PPE system has elapsed times for the dielectric vitrification peak
of the a-phasc which are close to those for the neat epoxy-amine system
indicating this dielectric loss peak is due to the vitrification of the epoxy-amine.
The fact that the dielectric measurements are sensitive to the vitrification of the
occluded epoxy-amine rich phase in an already vitrified continuous matrix is
undoubtedly due to the fact that the epoxy is highly polar, particularly relative to
the PPE. Initially it was thought that the mechanical measurements would be
most sensitive to the vitrification of the continuous phase. Little, if any,
sensitivity to vitrification of the occluded phase, particularly when the continuous
phase vitrifies first was expected. Nevertheless, torsional measurements were
made on casted, advanced specimens. It was possible to detect a vitrification
peak of the epoxy rich occluded phase in both the 30% PPE and the 60% PPE
mixtures. However this measurement process is much more time consuming and
less accurate than the dielectric measurements. In addition, dielectric
measurements do not necessitate an advancement o f the reaction, quenching or
casting.
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Table 3.1.5
Monitoring Reaction Advancement, Build Up in Tg of Epoxy Rich Occluded
Phase from a -Relaxation Peaks
Elapsed Time in Minutes to Dielectric a-Relaxation Peak in e”

Composition o f
Initial
Homogeneous
Mixture
(weight % PPE)
0%

Frequency

150°C
(minutes)

175°C
(minutes)

200°C
(minutes)

5kHz

228

140

126

30%

5kHz

231

144

127

45%

5kHz

255

199

143

60%

5kHz

392

N/A

230

0%

50kHz

197

121

69

30%

50kHz

189

108

83

45%

50kHz

224

141

99

60%

50kHz

345

216

141

0%

500kHz

167

99

45

30%

500kHz

150

84

67

45%

500kHz

177

112

73

60%

500kHz

291

167

104

In [Table 3.1.6] the elapsed time from the onset of phase separation to
vitrification of the occluded epoxy-amine rich a-phase is reported. If these values
were similar to the neat epoxy-amine values in [Table 3.1.4] at the same
temperature and frequency, one could assume the epoxy-amine reaction rate is
significantly decreased up to the time o f phase separation due to dilution effects in
the homogeneous PPE epoxy-amine mixture. After phase separation the epoxy
amine goes into a high concentration as the occluded phase. For the 30% PPE,
the system richest in epoxy-amine, the results in [Table 3.1.6] show a shorter time
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to vitrification from the onset of phase separation compared to the neat epoxy
amine. In [Table 3.1.4] the absolute total times to vitrification are similar. This
suggests the epoxy-amine is advancing prior to phase separation at a reduced rate
due to dilution and that vitrification is achieved at a lower level of conversion that
in the neat epoxy-amine because some of the high Tg PPE thermoplastic remains
in the occluded phase.
Table 3.1.6
(Dielectric a-Relaxation Peak time)-(Dielectric Phase Separation time)
Elapsed Time in Minutes to q-Relaxation Based on Peak in e”
Composition of
Frequency
200°C
150°C
175°C
225°C
Initial
(minutes) (minutes)
(minutes)
(minutes)
Homogeneous
Mixture
(weight % PPE)
126
228
140
N/A
0%
5kHz
30%

5kHz

N/A

126

112

N/A

45%

5kHz

209

163

136

N/A

60%

5kHz

262

N/A

187

N/A

0%

50kHz

197

221

69

N/A

30%

50kHz

N/A

90

68

N/A

45%

50kHz

178

105

92

N/A

60%

50kHz

215

139

98

N/A

0%

500kHz

167

99

45

N/A

30%

500kHz

N/A

66

52

N/A

45%

500kHz

131

76

66

N/A

60%

500kHz

161

90

61

N/A

On the other hand in the 60% PPE system, having the lowest epoxy-amine
concentration, the elapsed time to vitrification after phase separation is slightly
longer than the vitrification for the neat system. This suggests that as the system
becomes richer in PPE, because o f the decrease in concentration of the epoxy
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amine in the homogeneous system (a dilution effect) the reaction rate decreases
significantly. The relatively close agreement o f the elapsed time to vitrification
after phase separation with the neat system also supports the view that the major
portion o f the epoxy-amine in the starting mixture phase separates immediately
with the onset o f the phase separation process. Thus leaving the epoxy-amine to
react in the more highly concentrated a-phase.
Finally, it is important to report that as already shown in [Table 3.1.1], the
final volume percentages in the PPE rich continuous phase are close to but
slightly larger than the initial volume percentage o f PPE. The variation is higher
in the 60% PPE mixture. This supports the conclusions already discussed that the
epoxy-amine diffuses out as the occluded phase in the lower viscosity 30% PPE
mixture and that this process is slowed down due to dilution and viscosity in the
lower epoxy-amine concentration, more viscous 60% PPE mixture. This occurs
to an extent that the residual epoxy is apparently trapped in the continuous phase.
[Table 3.1.1] also supports earlier results that the final morphology, as
evidenced by the size of the occluded particles, is strongly influenced by many
parameters such as kinetic dilution effects, diffusion, and viscosity conditions
during phase separation.
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Conclusions
Both mechanical and dielectric measurements are good techniques to
monitor the onset of phase separation and reaction advancement that produces a
buildup in Tg in both the continuous and occluded phases in thermoplasticthermoset reactive processing systems. In the case studied, the phase separation
process initially occurred rapidly involving a large amount of the epoxy-amine
diffusing into the occluded phase. The rate o f the epoxy-amine reaction in the
epoxy rich 30% PPE mixture was approximately equal to that in the neat epoxy
amine system due to two opposing effects, a slower reaction rate due to dilution
and viscosity and a lower level o f conversion needed to attain vitrification due to
the presence o f high Tg PPE. In the 60% PPE mixture, the dilution effect of the
PPE had a large effect on decreasing the reaction rate and achieving vitrification
in each phase. Both the dielectric and mechanical measurements detected the
buildup in Tg of the PPE rich continuous phase following the onset o f phase
separation as the epoxy-amine n-mers diffused out. The dielectric measurements
were also sensitive to vitrification of the highly polar occluded epoxy-amine
phase. For all three PPE/epoxy-amine systems, the continuous thermoplastic rich
phase vitrified first, followed by vitrification o f the occluded particles. Finally,
the results illustrated, as evidenced by the size of the occluded particles and the
composition o f the continuous phase, that the morphology was strongly
influenced by the kinetics, diffusion, and viscosity conditions during phase
separation.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited without perm ission.

64

References for Chapter 3.1
1

Kranbuehl, D.; Dielectric Spectrosopy of Polymer Materials, J.Runt (ed.),
American Chemical Scociety, p303, 1997.

2

Alig, I and Jenniger, W.; J. Polym. Sci. B, Polymer Phys., 36, 2461-2470 (1988).

3

Mijovic, J. and Winnie fee, C. F.; Macromolecules, 27, 7284-7293 (1994).

4

Parthum, M. D. and Johari, G.; Macromolecules, 2 5 ,3254-3263 (1992).

5

Mathieu, C.; Boiteux, G.; Seytre, G.; Villain, R. and Dublineau, P.; J. NonCrystalline Solids, 172, 1012-1016(1994).

6

Deng, Y. and Martin, G.; Macromolecules, 27, 5141-5146 (1994).

7

Campanik, J. and Bidstrup, S.; Polymer, 3 5 ,4823-4840 (1994).

8

Kranbuehl, D. E.; J. Non-Crystalline Solids, 130, 930-936 (1991).

9

Brown, J. M. and Srinivasan, S.; War, T.; Loos, A.C.; Hood, D. and Kranbuehl,
D.; Polymer, 37, 1691-1696 (1996).

10

MacKinnon, A. J.; Jenkins, S. D.; MacGrail, P. T. and Pethrick, R. A.; Polymer,
34, 3252-3263 (1993).

11

MacKinnon, A. J.; Jenkins, S. D.; MacGrail, P. T. and Pethrick, R. A.;
Macromolecules, 25, 3492-3499 (1992).

12

Delides, C. G., Hayward, D., Pethrick, A. and Vatalis, A. S.; Europ. Polym. J., 28,
505-512(1992).

13

Maistros, G.; B.ock, H.; Buckanll, C. B. and Partridge, I. K.; Polymer, 3 3 , 44704478 (1992).

14

Korkakas, G.; Gomez, C. M. and Bucknall, C. B.; Plastic Rubbers Composites
Processing and Applications, 19, 285 (1993).

64
R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

65

15

Kranbuehl, D.;Kim, T.; Liptak, S. C. and McGrath, J. E.; Polymer Preprints, 34,
488-489(1993).

16

Vihn-Tung, C.; Boiteux, B.; Seytre, G.; Lachewal, G.; Polym. Comp., 17, 767
(1996).

17

Friedrich, K.; Vinh-Tung, G.; Boiteux, G.; Peytre, G.; Ulanski, J J. Appl. Polym.
Sci., 65, 2529-2543 (1997).

18

Lestries, G.; Maazouz, A.; Gerard, J. F.; Sautereau, H.; Boiteux, G.; Seytre, G.;
Kranbuehl, D.; Polymer, ref. 39 (26), 6733-6742 (1998).

19

Sillars, R. W.; J. Inst. Electr. Eng., 80, 378 (1937).

20

Van Beek, L. H. K., “Dielectric Behavior of Heterogeneous Systems ”, Progress
in Dielectrics, 7, 69-114 (1967).

21

Banhegyi; Colloid & Polym. Sci., 2 6 4 ,1030-1050 (1986).

22

Eklind, H.; Mauer, F.; Stechman, P.; Polymer, 38(5), 1047 (1997).

23

Venderbosch, R.; Mcijcr H.; Lcmstra, P.; Polymer, 35(4), 4349 (1994).

24

Poncet, S., CNAM Report: “Transformation o f PPE with the Aid o f a Reactive
Solvent and an Extruder” C.N.A.M. Lyon (1994).

65
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

66

Chapter 3.2
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After Phase Separation
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keywords:
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ABSTRACT
Frequency-dependent dielectric measurements have been used to monitor the complex
chemical, composition and morphological changes occurring during cure o f a high
temperature epoxy-amine (DGEBA-MCDEA) polyetherimide (PEI) blend. The
dielectric measurements are able to monitor in-situ the reaction advancement before
phase separation, the onset o f phase separation, the Maxwell-Wagner-Sillars (MWS)
effect, and the buildup in Tg in both the continuous thermoplastic PEI rich phase and the
occluded epoxy rich phase. The MWS predicted values were in relatively good
agreement with the experimental values and suggest a non-spherical shape. The
conductivity in the homogeneous blend decreased much more rapidly than expected
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based on concentration and change in viscosity suggesting the conduction mechanism
in the homogeneous blend is strongly affected by the proximity of the hydrogen bonding
groups in the epoxy amine.
INTRODUCTION
Thermoset(TS)/Thermoplastic(TP) blends are materials resulting from the mixing of the
TP polymer with the TS precursor (generally a diepoxy-diamine system).114) Usually the
mixture is initially homogeneous. With time and a temperature below the Tg of the TP,
there is an increase in the molar mass of the TP precursor as the TS reaction advances. A
liquid-liquid phase separation occurs at a given conversion. The phase separation process
generally continues until the TP rich phase becomes rich enough to form a glass. The
overall process is stopped when the TS is fully reacted or both phases have achieved the
glassy state.
These TS/TP blends have two main applications 1) toughness improvement o f TS
networks with high performance ductile thermoplastics and ii) new processing routes
which reduce the initial viscosity of otherwise intractable high temperature TP polymers
such as polyphenylene ether and polyetherimides. The first application occurs at low
concentrations <20 wt % of TP. The second application involves TP concentrations
generally greater than 30 wt %. In this case phase inversion occurs resulting in a TP rich
continuous (a ) phase with occluded TS rich (P) phase particles.
This paper focuses on the dielectric behavior of the TP polyetherimide (PEI) and
the TS precursor [diglycidyl ether o f bisphenol A (DGEBA) reacting with 4,4' methylene
bis [3 - chloro 2,6-diethylaniline] (MCDEA). The paper addresses the continuously
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changing dielectric behavior of the blend before, during and after the phase separation
process. A previous paper has reported results on the reaction kinetics o f the TS
precursor in presence o f different concentrations of PEI, both before and after phase
separation.18* A second paper reported on the Theological behavior of the blend during
reaction/9*
Previously dielectric measurements have been used to monitor the changing
viscosity and buildup in Tg during polymerization of a variety of neat thermoset resins.110'
27) This paper will address the ability of dielectric sensing to monitor these properties
both before phase separation in the homogenous solution and in each phase after the
phase separation process. This paper will also discuss the ability of dielectric
measurements to detect the onset of phase separation. The viscosity and onset o f phase
separation are critical processing properties and affect the final morphology. Equally
important measurements of the dielectric behavior have the particularly advantage that
they can be made easily in both the laboratory and the industrial fabrication environment.
EXPERIMENTAL
The TS precursor consisted o f an epoxy prepolymer and diamine curing agent.
The epoxy prepolymer used was a diglycidyl ether of bisphenol, a liquid at room
temperature and with a low degree of polymerization, DGEBA n = 0.15. (Ref. LY556
from Ciba Geigy). The curing agent was an aromatic diamine with a low reactivity, 4,4'
methylene-bis (3-chloro-2,6-diethylaniline), MCDEA supplied by Lonza. The diamine
was used at the stoichiometric ratio, epoxy to amine hydrogen groups equal to 1. The TP
was Polyetherimide, PEI Ultem 1000 supplied by General Electric. The structures are
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shown in Figure 1. Blends with concentration higher than 30wt% of TP (33, 48 and 64
wt % o f PEI) were prepared using a co-rotating twin screw extruder in a one-stage
process.l8)
Dynamic mechanical measurements were made using a Rheometric RDAII in
both laboratories using 25 mm plates, 1.5 mm gap, strain < 3% at 10 rad/sec in a
temperature controlled chamber.
Frequency-dependent complex dielectric measurements were made using an
impedance analyzer controlled by a microcomputer. In the work discussed here,
measurements at frequencies from Hz to MHz are taken continuously throughout the
entire cure process at regular intervals and converted to the complex permittivity, e*= e 'i e ". The measurements arc made with a geometry independent interdigitated electrode
(10-in

sensor js inserted into the blend and the impedance is measured with either a

Hewlett Packard or a Schlumberger impedance bridge. This system permits multiplexed
measurement of sensors. The sensor itself is planar, 25 x 5mm in area and 0.5 mm thick.
This sensor-bridge microcomputer assembly is able to make continuous uninterrupted
measurements o f both z 'and z "over 10 decades in magnitude at all frequencies. The
sensor is inert and has been used at temperatures exceeding 400°C and a pressure over
1000 psi.(10)
BACKGROUND
Frequency-dependent measurements o f the dielectric impedance o f a material as
characterized by its equivalent capacitance, C, and conductance, G, are used to calculate
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the complex permittivity, e *= e '-i e ", where co=2xf, f is the measurement frequency

,, v
e (<a) =

C ( a ) m a t e r ial
—
Co

(|)

G ( o ) m a t e r la I
* ■( « )

=

o C0

and C0 is the equivalent air replacement capacitance o f the sensor.
This calculation is possible when using the sensor whose geometry is invariant over all
measurement conditions. Both the real and the imaginary parts of e * can have dipolar

E

w
c"

l

=

i .
Ea +

i
E,

~ r £"(j •4 - £r " i

—

^

(d) and ionic (i) charge components.
Plots of the product o f frequency (to) multiplied by the imaginary component of
the complex permittivity e"(to) make it relatively easy to visually determine when the low
frequency magnitude of e" is dominated by the mobility o f ions and when at higher
frequencies the rotational mobility of bound charge dominates c". Generally, the
magnitude o f the low frequency overlapping values o f coe"(co) can be used to measure the
change with time of the ionic mobility through the parameter cr where

^ o h m ' e m 1) =

e0to e ”, ( gj )

E0 = 8 . 8 5 4 x 1 0 l4 C 2J 'Ic m '1

(3)
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The changing value of the ionic mobility is a molecular probe which can be
used to monitor changes in the viscosity during cure. The dipolar component o f the loss
at higher frequencies can then be determined by subtracting the ionic component.

e"((o) d i p o I a r

=

e"(cd)

•

(4)
CO £

q

The peaks in e" dipolar (which are usually close to the peaks in s") can be used to
determine the time or point in the cure process when the "mean" dipolar relaxation time
has attained a specific value t = 1/co. The dipolar mobility, as measured by the mean
relaxation time t, is monitoring the a-relaxation process associated with vitrification and
it can be used as a molecular probe o f the buildup in Tg. For example, the time of
occurrence of a given dipolar a - relaxation time as measured by a peak in a particular
high frequency value o f e"(to) can be quantitatively related to the attainment o f a specific
value of the glass transition temperature.*1<M3)
Interfacial polarization processes which occur in heterogeneous dielectrics will be
present at the onset of phase separation, that is beginning at the onset o f the transition
from a homogeneous to a heterogeneous 2 phase system.14"7,29'40' These effects arise at
the interface of two media having differing permittivities and conductivities. These
interfacial effects can be quite strong sometimes creating increases in c' by factors o f 10
and a charge polarization relaxation time. The effect is dependent on the magnitude o f
the conductivity difference ((T2- a i) between the occluded phase a 2 , and the continuous
phase, a t .
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The most well known theoretical model of this effect is the Maxwell-WagnerSillars model.(39,40). Using the Maxwell-Wagner-Sillars model, the complex dielectric
permittivity of the mixture e*(co), of orientated occluded ellipsoids with complex
dielectric constant, 6 *2( 10 ), at a volume fraction vi dispersed in a continuous matrix with
a complex dielectric constant, e*i(o>), can be calculated from the following equation:

£

, t i * ( l - v ; ) ( l - A ) + ez «C»a + A(l-V2)3
'
e', + A ( l - v 2XB2 *- ei *)

(5)

where A(0<A<1), is the depolarization factor o f the ellipsoidal filler particles. It depends
on the shape of the particles (length of the long a to b short axis ratio for spheroids) and
o f the orientation of the field relative to the particle. For prolates spheroids (rod or
needle-like) oriented along the shorter axis, A lies between 0 and 1/3, while for oblates
spheroids (disc-like) oriented on the shorter axis, A lies between 1/3 and 1. For spheres
A = 1/3.
Separating the real and imaginary parts leads to Debye’s equations

e'

= e +7I
TiV
1 + (a) t r

6)

e',= (E s ^ T i+I 7(o1~
)t r? (7)

where ca = 2nf with explicit formulae for the low and high frequency limiting permittivity
es, e®, and tmws the relaxation time of the interfacial charge polarization.
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g l + [ A ( l - U 2) + U2 ] ( CT2 - a i )
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0 ]) ](e2 • El)
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• [ ( e i + A ( e 2 • E i ) ] ( o 2 • Qi)

+ A(1- u2)(a2 - Oi)f

where Eo denotes permittivity of free space, cti and ct 2 are the conductivities of each phase,
e 1 and e 2 are the limiting low frequency permittivities for which by definition e " = 0.
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RESULTS AND DISCUSSION
The neat epoxy-amine and three mixtures o f 33%, 48% and 64% by weight PEI,
(TP), with the epoxy-amine thermoset precursor were cured at 135°C. During the course
o f the cure the complex dielectric permittivity was measured over the 5 Hz to 1 MHZ
frequency range. The concentration o f the epoxy-amine in the 64% PEI mixture was so
low that the low loss properties of the PEI dominated the dielectric behavior and the
changing dielectric behavior of the epoxy-amine during cure could not be detected.
Dynamic mechanical measurements o f the viscosity were also made during the cure
process of the three blends. For the neat epoxy-amine system the viscosity was quite
low, and a cone and plate viscometer was needed to monitor the viscosity.
In previous papers, a detailed discussion of the measured and model predicted extent of
reaction in each of the blends has been presented.(8,9) As reported previously, the glass
transition temperature data for each phase is used to estimate the composition and to
predict the extent of reaction in that phase. These results along with viscosity are used in
this analysis of measurements of the changes in the dielectric properties with time during
the cure process.
Figure 2 displays for the 33% PEI blend the real e' and loss component e " of the
permittivity scaled by the frequency with time during isothermal cure at 135°C. The
value of e ' shows a sharp rise at 128 minutes indicating the onset o f phase separation.
The imaginary loss, component c" shows overlapping values at the lower frequencies.
These values o f e" can be used to determine a frequency independent conductivity using
equation 3.
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Two sets of peaks in e" occur. The first set occurs both before and after phase
separation. They occur at the higher frequencies before phase separation and at the lower
frequencies after phase separation. A second set of peaks starting at the higher
frequencies occur only after phase separation. These peaks can be used to determine the
achievement o f an effective relaxation time t where x = (2nf)'‘ at the time o f a peak in
e " ( cd)

at that frequency, f. In the following discussion these dielectric quantities and the

viscosity will be measured and analyzed along with the previously reported values of
extent of reaction x and the values of Tg to both understand the dielectric behavior of a
reactive TP/TS blend and to build a fundamental basis from which the transformations of
the reactive TP/TS blend can be monitored in-situ during polymerization-fabrication
using dielectric measurements.
Before phase separation. The TP/TS blend is a homogeneous mixture in which
one observes, at different levels of TS precursor dilution, the changing conductivity of
the epoxy-amine i-mers as the viscosity and the extent of reaction increases. Equation 3
was used to calculate the conductivity from the dielectric data. In Figure 3, the values of
log(ci(t)) are plotted versus the extent o f reaction x(t), reported previously.*8,9* The
results in Figure 3 show a decrease in the initial conductivity and throughout the reaction
which will be shown cannot be explained by the change in concentration and viscosity o f
the TS in the TP. Equally pertinent, the results show an increasing rate o f decrease in
o(t) with extent of reaction, x(t), as the % of thermoplastic increases. First to examine
the role o f viscosity, Figure 4 displays log(q) versus extent o f reaction before phase
separation. There is an approximate linear shift in the viscosity with the thermoplastic
75
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weight % and the rate o f change in r| with reaction extent is approximately the same for
all the homogeneous blends as well as the neat system. These viscosity results are as
expected. They differ significantly from the relation o f the conductivity to the extent of
reaction as shown in Figure 3.
In Figure 5 a log-log plot of the relationship o f conductivity to viscosity for the
neat, the 33% PEI, and the 48% PEI in the homogeneous blend is displayed. The slopes
b o f log o(t) = b*log r|(t) are reported in Table I. Overall these results, as seen in Figures
3-5 and Table 1, show that the conductivity is affected significantly by factors other than
viscosity and concentration. As such, the results provide insight into the fundamental
conduction mechanism. If conduction in epoxy-amine systems during cure was due only
to viscosity controlled translation diffusion of impurity ions such as Cl' (which could
originate from the epichloro epoxy precursors) or other ions o f constant concentration,
the conductivity viscosity/concentration ratio would be expected to be approximately
constant. The fact that there arc significant changes in the value o f this ratio as seen from
the slopes of the Figures 3-6 and summarized in Table I suggests other factors are
present. For these curing systems we suggest that a major conduction mechanism
involves hydrogen bond exchange. This mechanism o f exchange would most likely
involve the amine group and hydroxy groups formed during the polycondensation
reaction. Such a mechanism requires a structure and number of those bonds such that Hbonding and proton transfer is facilitated. The increasing rate o f decrease in conductivity
with viscosity as the thermoplastic concentration increases supports this view that the
structure and number o f H bonding proton exchange groups in the reactive mixture of
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epoxy, amine and polymer products in the presence of higher concentrations o f TP has
a much larger effect on the magnitude o f the conductivity than does the increase in the
viscosity.
When the relative proximity and number of such bonds remains constant, the
conductivity in general will track the change in viscosity. This observation which is
reported in the cure of neat TS by many authors over the past decade has led to the wide
use of dielectric measurements of conductivity as an in-situ means o f monitoring the
changing viscosity up to the vicinity of gelation.110'28) The current results strongly
suggest that a major molecular mechanism for the conductivity in these pure epoxy
amine systems is a hydrogen bond exchange mechanism. They suggest that the slope o f
the conductivity-viscosity relation before phase separation and up to gel may be, in part, a
function of the number and geometric structure o f proton donor acceptor bonds in the
monomers and the resulting chains. These observations further support the explanation
for the seemingly anomalous rise in the conductivity previously observed in certain
epoxy systems and the proposed explanation that the proton group proximity for these
systems increases during the later stages of cure.(23)
The onset of phase separation. It is characterized by the creation o f an interface
between forming phases. From the point of view o f dielectric behavior, the initial onset
o f the phase separation process has the potential to generate a large change in the
permittivity e' since interfacial surfaces with charge separated by molecular distances
represent a large increase in capacitance i.e., C0® area/distance. Furthermore, once the
phase separation process has generated an occluded phase of conductive epoxy rich i-
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mers, the a-phase, surrounded by a PEI rich nonconducting continuous phase, there is
the potential as previously described for a Maxwell-Wagner-Sillers relaxation effects,
equations 5-9. Figure 2 (33 wt% PEI) clearly shows a large sudden increase in the value
of e' at 128 minutes. Another sample showed this rise at 105 minutes. The cloud point
was observed at 118 minutes. For the 48% PEI blend the sharp rise in e' occurred at 211
and 202 minutes in two separate runs. For the 48% PEI system the cloud point was
observed at 235 minutes. Rheological measurements showed the phase separation
transition at 113 minutes for 33% PEI and 216 minutes for 48% PEI. Clearly as
summarized in Table II the onset o f the dielectric interfacial polarization, as seen by a
sharp rise in e', is a good instrumental means to monitor in-situ with a capacitance sensor
the onset of the phase separation process.
The effect of the cure temperature on the onset time for phase separation was
examined using the observed large increase in e*. Dielectric monitoring was
conducted on the 33% PEI blend cured isothermally at 183°C, 201°C, 241°C and 253°C
as well as at 135°C. The time for phase separation was determined from the observed
onset of the large MWS increase in s". The extent of reaction was calculated versus that
time for each of these isothermal conditions using the previously developed kinetics.(8,9)
Table III reports values of the extent of reaction x(tps) at phase separation. Figure 5
displays the value o f x(tps) versus temperature. The results show that as the temperature
goes up the reaction advances to a higher level before the phase separation process
begins, reflecting the higher level o f solubility o f the TS oligomer in the PEI with
increasing temperature and confirming a UCST behavior for the blend.[41] However this
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effect decreases as the value of x(t) increases representing larger and more branched
oligomers due to competing activation energy controlled processes o f nucleation and the
reaction rates. [42] An upper value o f x(tps) = 0.45 is reached near 200°C.
Relaxation peaks. They are observed in Figure 2 both before, during and after
the onset o f phase separation. The focus o f this discussion is an analysis of these dipolar
peaks and their basis as a consequence of the phase separation MWS process, the buildup
in Tg of the PEI rich continuous a-phase and the buildup in Tg of the epoxy rich occluded
P-phase.
Equations 7-9 can be used to calculate the effect with time o f the MWS phase
separation process on s' and e" compared to the experimental values. The values o f Si,
82,

a i, and

02

can be calculated from the existing time dependent data of the neat, 33%

and 48% PEI blends and the known concentration changes within each phase with time
measured form the previously reported Tg data. Thus the composition and degree of
advancement in each phase is calculated and thereby the conductivity can be calculated
for each phase i.e. ai(t) and <i2 (t). s, is calculated in a similar way. The value o f e« is
found to be small and approximately constant with composiiton and advancement. To
assess the shape of the a-phase micelles, two different values o f the ellipsoidal shape
factor A = 0.9, oblate and A = 0 .1 prolate, recalling A=.33 is for spherically shaped
particles, were used in calculations o f s' and s" at 10 Hz and 1000 Hz. The theoretical
MWS predicted and the experimental values are shown in Figure 7. The 1000 Hz MWS
values o f s' and s" for A = 0 .1 and A = 0.9 lie on top o f each other in Figure 7 and are
seen as one line. The MWS model predicted results compared to the experimental data in
79
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Figure 7 suggest the occluded particles tend toward a non-spherical oblate ellipsoidal
shape. TEM micrographs were examined at three different extents o f reaction as shown in
Figure 8 . The TEM photos show a high degree o f asphericity which decreases with
reaction time. We view these photos with caution however. The TEM’s may not
accurately reflect the shape at this extent of reaction during cure because it is observed
after cooling when the extents o f reaction is low and the particles can be easily deformed.
Overall we are surprised by these results and continue to view them with questions as we
would expect the particles to be spherical originating from nucleation and growth.
From the beginning, before, during and after the onset o f phase separation, the
epoxy groups in the homogeneous, and in both the a and P phases continue to react.
With increasing extent of reaction more epoxy i-mers become insoluble in the PEI and
diffuse in to the a , occluded epoxy rich phase. As the TS i-mers diffuse out o f the Pphase, the P-phase becomes richer in PEI. As a result the Tg of the continuous P-phase
increases. Since Tg of the neat PEI is well above the 135°C cure temperature, a point in
time is reached where the increase in weight percent of PEI in the p-phase causes the Tg
of the p-phase to approach 135°C. At this time, the P-phase enters into the glassy state
and the epoxy-amine oligomer diffusion process into the a-phase is quenched.
Throughout this time and continuing after achievement of the glassy state in the P-phase,
the TS i-mers in the occluded a-phase continues to react. As in the P-phase, but due to
reaction advancement, the Tg of the a-phase increases until its Tg also reaches 135°C.
Again once this buildup in Tg in the a-phase has occurred, the a-phase reaction is
quenched by formation of a glass. Post cure at a higher temperature can o f course
80
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increase Tg of both phases up to completion of the epoxy reaction in both the a and 13phases.
The buildup in the glass transition temperature is accompanied by rapid increase
in viscosity and a corresponding long-range cooperative relaxation process, the Tg alpha
relaxation. The Tg alpha-relaxation time, characterizing the pre glass, highly viscous
state, is observed in both mechanical and dielectric relaxation experiments. The
advantage o f the frequency-dependent dielectric measurements to monitor this process is
that they cover a much larger range in time, over 6 decades in frequency, from Hz to
MHz, while conventional mechanical experiments cover about 2 decades in the Hz
region. The dielectric data in Figure 1 shows two distinct series of relaxations, the first
occurring over 120 to 180 minutes and the second over 300 to 360 minutes.
Figure

8

displays values o f the extent o f reaction in each o f these two regions for the

33%, the 48% and the neat epoxy system at the time the relaxation time associated with
the peak in a particular frequency measurement of e" occurs. As described, there are two
relaxation regions. The first occurs during the early part o f the reaction before phase
separation during which time there is a buildup in Ts of the homogeneous phase as the
epoxy reacts. These Tg-relaxation peaks are displayed for x < .35 before the onset of
phase separation, region of the plot. The absence o f the lower frequency peaks for x >
.35 after the onset of phase separation, suggests that with the onset of phase separation,
the relaxation time and the increase in Tg o f the (3-phase occurs very rapidly. As a result,
these slower relaxation time peaks are undoubtedly mixed in with the MWS peak
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previously described. This is one possible cause for the inability o f the MWS predicted
relaxation spectrum to completely match the experimental data.
After phase separation, a second set of Tg alpha-relaxation peaks are observed
beginning with the high frequencies. These are the result of the increasing extend of
epoxy amine reaction in the a-occluded phase particles. Figure 8 shows the
experimentally determined values o f t in the 33% and 48% systems versus extent of
reaction before phase separation, x, and after phase separation in the x phase x®. Also
included are values for the neat epoxy amine system. Figure 9 shows the 48% and neat
epoxy values of t are in close agreement, indicating the composition o f the a-phase in the
48% blend contains very little PEI concentration. Figure 10 shows the experimentally
determined Tg values before and after phase separation in the 33% and 48% blends. The
presence of PEI in the a-phase, as in the P-phase, increases Tg for a given value of x(t)
because the Tg of PEI (210°C) is much higher. Figure 11 shows the Tg experimentally
determined change in epoxy concentration of the occluded epoxy rich particles with lime
in both the 33% and 48% systems calculated from the evolution of Tg (8). These results
clearly show that the basis for the overlap o f alpha-relaxation peaks in the 48% system
versus time with the neat epoxy system is due to the low percent of TP in these particles.
For the 33% PEI blend the peaks occur at much lower values o f xa indicating a
significant percentage o f PEI in the a-phase, which is again supported by Figure 10.
Overall the results show that the time of occurrence of these peaks is a measure o f their
composition.
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It is interesting to note that the actual elapsed time after phase separation for the
alpha-relaxation peaks to appear, is nearly the same for the 33% compared to the 48%
system. This suggests that the dilution effect slowly down reaction rate in the 33% epoxy
a-phase is more or less compensated by the more rapid increase in Tg (a) as a result of
the higher PEI-content.
Finally in Figure 11 we examine the (T-Tg)'‘ temperature dependence o f the
alpha-relaxation peaks. Previous work on an epoxy-amine/orthophenyl blends has shown
that at high extents of reaction approaching completion the apparent activation energy
decreases and is lowest for the neat epoxy system compared to the blends.(41) The
reverse is true at other extents o f reaction where the apparent activation energy does not
vary much with reaction extent. Here an increase in the per cent o f orthoterpheny
decreased the apparent activation energy. These observations are consistent with the
results reported in Figure 11. The lowest apparent activation energy is observed at the
high extent of reaction for the almost pure epoxy a-phase occluded particles in the 48 %
system. For the pre-phase low extent of conversion alpha-relaxation peaks, the results
again agree with the orthoterphenyl epoxy amine system as the 48% system, richer in TP,
has a lower apparent activation energy than the 33% system.
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CONCLUSIONS
Frequency-dependent dielectric measurements are an excellent technique for
monitoring the complex chemical, composition and morphological changes occurring
during cure of high temperature TP/TS blends. The Tg alpha-relaxation peaks can be
used to monitor the buildup in Tg and thereby reaction advancement in the homogeneous
phase before phase separation and in the occluded phase after phase separation.
The onset of phase separation is readily detected by a sharp MWS charge
polarization rise in s'. The dielectric detected time is in close agreement with mechanical
and cloud point techniques. Using this method to detect the time o f phase separation at
different temperatures showed the magnitude o f the reaction advancement at the onset of
phase separation increases with higher temperature due to a higher solubility in the PEI,
but appears to achieve a maximum value at about x = .45. The MWS predicted values of
s" were in relatively good agreement with the experimental values and suggest the
occluded particles have a non spherical shape.
The conductivity, in these blends does not follow the generally expected inverse
viscosity power dependence and decreases much more rapidly then expected based on the
concentration o f thermoplastic and the change in viscosity. The results support a
hydrogen bond exchange mechanism which is strongly affected by the concentrationproximity o f the proton exchange groups.
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Figure 1

Structures o f thermoset/thermoplastic system.

Figure 2

Log(e"co) versus time and log e' versus time for the 33%

PEI/Epoxy-Amine blend during the 135oC cure.
Figure 3

Log conductivity versus extent o f reaction before phase

separation during 135°C cure.
Figure 4

Log viscosity versus extent of reaction before phase

separation during 135°C cure.
Figure 5

Log-log plot o f conductivity versus viscosity during 135°C

cure.
Figure 6

Extent o f reaction at onset of phase separation versus

isothermal cure temperature. Extent of reaction at gel is dashed top line.
Figure 7

Log s' experimental during phase separation and theoretical

values based on MWS theory for aspherical shape factors of A = 0.9 and A = 0.1
at 10 Hz and 1000 Hz.
Figure 8

TEM photos of 33% PEI system just after phase separation

at x = .34 (top), x = .41 and x = .48(bottom); solid symbols are 33% PEI, open
symbols are 48% PEI.
Figure 9

In (relaxation time) versus extent of reaction before phase

separation, (x), and after phase separation in the a epoxy rich occluded phase,
(xa), for the 33% and 48% PEI biends and the neat epoxy-amine.
Figure 10

Experimentally determined values of Tg versus extent o f

reaction for the 33% system, solid symbols and the 48% system open half rilled
symbols.
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Figure 11

PEI volume fraction in the a-phase occluded particles

determined from the measured values of Tg as described in ref 8.
Figure 12

(T-Tg)'1temperature dependence o f the alpha-relaxation

time t for a) the 33% PEI blend and b) the 48% PEI blend.
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Tables for Chaper 3.2
TABLE I
-----------------------------

% PEI

Slope log(o) vs x

Slope log(ii) vs x

Slope log(cr) vs logOi)

0

-1.6

3.2

-.7

33

-4.9

4.8

-1.3

48

-6.9

3.9

-1.8

Table II
COMPARISON OF DETECTED TIMES (min)
OF PHASE SEPARATIOl
33 wt %
48 wt %
205
115
Dielectric
235
118
Cloud Point
118
235
DSC
216
113
Rheology
Table HI
Conversion at Phase Separation for Different Isothermal Temperatures
Temperature °C

Xpi

135

0.34

183

0.39

201

0.45

241

0.45

253

0.45
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Figures for Chapter 3.2

Formula

Name
4,4’-methylene bis
[3-chloro 2,6-diethylanilinc]
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Cl
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Chapter 3.3
PEI in DGEBA/MCDEA Less Than 25 Weight Percent
After acquiring interesting experimental results from the > 25 wt % PEI
systems about the conduction mechanism before phase separation and the
Maxwell Wagner Sillars effect at phase separation, the question arises would
FDEMS be sensitive to detecting similar phenomena in systems o f < 25 wt %
PEI. For example is FDEMS sensitive to the phase separation phenomenon and
epoxy advancement given there is a phase inversion where the continuous phase
will be the higher conductivity epoxy rich phase? What effect does conversion
play on rheology and conductivity and how do they evolve with time? Does
FDEMS give insight into the conduction mechanism and is this mechanism
similar to the > 25 wt % systems? Can FDEMS follow the Tg alpha relaxation
peaks of each phase and thereby reaction advancement in the TS rich phase and
build up in Tg in the TP rich phase as the TS reacts and/or diffuses out?
Experimentation
The same reagents and experimental techniques were used as in Chapter
3.2. The only difference was in the blending technique for sample preparation. In
lieu of an extruder to mix the TS and TP, the TP was dissolved in DGEBA at
150°C in a beaker with constant stirring. Once dissolved, the MCDEA was added
and stirred until dissolved ~ 5 minutes. The prepared sample was then divided
into two parts and immediately analyzed by FDEMS and rheology.
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Results and Discussion
The dielectric output for the neat, 10%, 20%, 33% and 48% is
illustrated in [Figures 3.3.1 to 3.3.2]. [Figures 3.3.1a-e] show the log e ' data.
Here one sees that the neat, 10% and 20% PEI systems do not have a MWS
charge polarization peak as is seen in the 33% and 48% systems. This is expected
as the continuous phase in <25 wt % systems is the highly conductive TS.
However, even without the MWS effect in these lower percentage systems, the
dielectric technique is still sensitive to monitoring the phase separation
phenomena. In [Figure 3.3.2] one sees the log e"* cd output for all the systems.
Here there are two sets o f dipolar relaxation peaks. The first set is due to the
phase separation where the high Tg TP occludes from the TS continuous phase.
This occlusion and subsequent diffusion o f TP from the TS increases the Tg of the
occluded TP phase. These peaks are well defined in the 20% PEI [Figure 3.3.2c]
and seen as shouldering peaks in the 10% PEI system [Figure 3.3.2b]. This
diffusion o f the TP out of the homogenous phase is quite rapid as is evident by the
dipolar relaxation peaks occurring practically simultaneously in both the 10 and
20 wt %. The phase separation times as measured dilectrically and rheologically
are listed in Table 3.3.1
Table 3.3.1
Times to Detected Phase Separation in Minutes
10 w t% PEI

20 wt % PEI

Dielectric

110

150

Rheology

121

158
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The dielectric detected phase separation times are in close agreement with
the rheological times with the dielectric occurring slightly sooner as seen in
[Table 3.3.1 ]. This earlier detection of phase separation is logical because the
dielectric technique is sensitive to molecular level changes in mobility as the Tg of
the PEI occluded phase increases while the rheological technique analyzes a
macroscopic measurement upon the entire sample. Molecular level changes
precede the macroscopic response. Thus the dielectric effect should occur sooner.
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[Figure 3.3.1a]
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[Figure 3.3.1b]
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[Figure 3.3.1c]
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[Figure 3.3. Id]
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[Figure 3.3.le]
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[Figure 3.3.2a]
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[Figure 3.3.2b]
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[Figure 3.3.2c]
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[Figure 3.3.2d]
48% PEI in DGEBA/MCDEA
Epoxy Peaks

0> 4

PEI Peaks
0

100

300

200

400

500

Time (min)

[Figure 3.3.2e]
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The evolution of conductivity and viscosity with time and the relationship
between log conductivity and log viscosity is illustrated in [Figures 3.3.3 to
3.3.5], [Figure 3.3.5] depicts how the relationship between conductivity and
viscosity evolves prior to phase separation and with differing concentrations o f
TP. [Figures 3.3.6 and 3.3.7] shows the evolution of conductivity and viscosity
with conversion for the differing concentrations o f TP. The results from a linear
regressive analysis o f log a and log tj vs. xe and log a vs. log ri are tabulated in
[Table 3.3.2].

Table 42.2
Comparison of Slopes for log o vs x* log i\ vs Xe, and logo vs logt|

Weight % PEI

slope of
log CT V S X e

slope of
log r) V S X e

slope of
log <TV S log T1

neat

-1.6

3.2

-0.70

10%

-6.7

6.4

-0.89

20%

-6.9

5.9

-0.99

33%

-5.1

4.8

-1.30

48%

-6.9

3.9

-1.80

[Figures 3.3.3-3.3.7] illustrate and Table 3.3.2 summarizes concisely the
relationship between conductivity, viscosity and conversion. Here, the results
further the hypothesis from chapter 3.2 that conductivity is affected by factors
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[Figure 3.3.6]
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other than concentration and viscosity. If the conductivity was due solely to the
translational diffusion of impurity ion, then a*Tj would be a constant value.
[Figure 3.3.8] depicts the log (a*r|) at various conversions as a function of
percent epoxy amine. The value of log (o*t^) at higher epoxy contents is
definitely not constant. It does appear that the log (a*r\) value could approach a
constant value below 50% epoxy content. It can be hypothesized that as the TP
dilutes the TS it disrupts the hydrogen bond exchange between the amine group
and hydroxy functions as reported in Chapter 3.2. Furthermore, increased
dilutions of the epoxy may result in a conduction mechanism based on the
translational diffusion o f impurity ions. This would supported by the apparent
approach to constancy of the log (o*r|) value as the TS gets further diluted below
50% epoxy.

C onductivity'V iacoaity v s % Epoxy Am ine
at Diffarant Convaraiona

1E-7

1E-0 1r
E 1E-10
® 1E-11
100

% Epoxy Amine

conversion
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.2

[Figure 3.3.8]
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Dielectric sensing is also sensitive to monitoring the relaxation
times as a function of extent of reaction. [Figure 3.3.9] represents the In t as a
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[Figure 3.3.9]
function o f extent o f reaction for phases epoxy rich or PEI rich. This illustrates
two phenomena. First the relaxation peaks associated with the PEI rich phase
from 10 and 20 wt % PEI seem to occur at practically the same conversion and
therefore at the same time. This supports the assumption that the PEI diffusion
out of the homogeneous blend is rapid and could be considered instantaneous.
Second, the relaxation peaks associated with the epoxy rich phases for all
percentages and the neat system are depicted. Here one sees in the 48 wt % PEI
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system the relaxation time occurs at approximately the same conversion as in the
neat system. This would indicate that these occluded, epoxy rich particles are
almost pure TS. The 33 wt % relaxation times occur at a lower conversion,
indicating a greater concentration o f TP in the TS occluded phase. For the 10 and
20 wt % PEI systems the epoxy rich relaxation peaks are associated with the
continuous phase. Here, the 20 wt % peaks occur at a lower conversion than the
10 wt % indicating more PEI remaining in the continuous phase for higher PEI
concentrations.
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Conclusions
FDEMS appears to be sensitive to monitoring the phase separation process
o f <25 wt % PEI by monitoring the relaxation times o f the PEI as it diffuses out
o f the homogenous phase. This diffusion appeared to be rapid as the relaxation
times associated with the increasing Tg o f the PEI rich occluded phase occurred at
essentially the same extent of reaction and therefore at the same time.
The results also appear to support the previous hypothesis that the
conduction mechanism is proton transfer rather than ion diffusion. Furthermore,
it seems that as the dilution of the epoxy system is increased, the PEI appears to
break up the proton transfer conduction and begins to resemble the ion diffusion
mechanism with a constant value of log (<r*n)-
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Chapter 4.0
Introduction to Batch Reactor Processing

The purpose o f this research is to develop an on-line and in-situ analytical
sensing technique which can continuously monitor the reaction process in epoxy
acrylic reverse emulsification, polyester, latex emulsions, emulsions for lotions,
and saponification batch reactor syntheses.
Currently, batch reactions are procedure driven based on repetitive time
and temperature criteria. The problem is that a set time procedure neither
monitors nor adjusts to small cumulative differences in the timing of the reaction
process, variations in ingredients, operator handling, or differences from one
reactor environment to another. Each o f these uncontrollable factors affects the
reaction. As such, they produce a final product with variable consistency and
quality. Furthermore, analytical characterization for these systems arc limited to
laboratory measurements of samples removed from the reactor and then analyzed
in a laboratory setting. Thus, the ultimate objective o f this research is to use the
FDEMS sensor to monitor analytically the entire reaction progress in-situ. It
would replace current time temperature processing techniques by a sensor,
intelligent, data driven control process.
The five systems considered here, (Epoxy Acrylic Reverse Emulsification
Polymerization, Polyester, Latex Emulsions, Emulsions for Lotions and
Saponification of Span-80 Light) are all currently being used in an industrial
capacity and each will be addressed individually.

117
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

118

Chapter 4.1
Epoxy Acrylic Reverse Emulsification Polymerization

Epoxy resins are characterized by a three membered ring known as epoxy,
epoxide , oxirane or ethoxyline group [Figure 4.1.1]

o

c— c

N

/

[Figure 4.1.1]
This ring reacts with a variety o f substrates thus giving epoxy resins
versatility. First sold commercially in 1946, their uses today include protective
coatings, laminates, composites, tooling, molding, casting, construction, adhesives
and others1. It is epoxy systems used in the protective coating application that are
of particular interest to this work.
The epoxy resin used, DER333N, was provided by ICI Paints Company.
The general synthesis is comprised o f two steps:
Step 1: The reaction of an active hydrogen group with epichlorohydrin
[Figure 4.1.2]

r -h

+ c h 2c h c h 2c i

> R-CH2CHCH2C1

\ /

o

OH
[Figure 4.1.2]

118
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

119

Step 2: Subsequent dehydrohalogenation o f the product of Step I [Figure
4.1.3]

-HC!
R-CH2CHCH,CI------------ >• R-CH.CHCH,
I
\ /
OH
O
[Figure 4.1.3|
The final resin has a larger molecular weight than the original precursor
and retains its epoxide functionality2. The epoxy acrylic system under
consideration is used as a protective lining for aluminum beverage containers.
The lining prevents any taste alterations which may be caused by direct contact
between the beverage and the can and any oxidation of the container by its
contents.
Chemistry
The epoxy acrylic synthesis is a three step process: initial advancement of
the molecular weight, subsequent grafting with copolymers, and finally a reverse
emulsification. The first step requires an entire day and the subsequent steps are
done the following day. The geometry of the apparatus and procedure were
provided by ICI Paints Company.
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Apparatus
A three liter, four-necked, round-bottom reaction flask fitted with an air
driven, overhead stir-bar, condenser, and addition arm, was fitted with an
FDEMS sensing probe Figure [4.1.4]

FDEMS
Sensor

[Figure 4.1.4]

Two teflon holders were sculpted to hold a single FDEMS glass sensor each. The
copper lead wires connecting the sensor to an impedance bridge were coated in
Teflon then held in place by a small Teflon pad and two stainless steel nuts and
bolts. The two holders were then attached to opposite sides o f the bottom o f a
stainless steel bar. Stainless steel and Teflon were used for their non-reactivity in
this environment. A thermocouple was then attached to the end o f the probe.
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Two sensors were used in each synthesis to monitor the effects of location to the
sensitivity of the probe and as a built-in redundancy in the event that one sensor
failed.
Procedure
Stage One: Linear Molecular Weight Advancement o f Epoxy Oligomer
To the reaction vessel was added 360g o f DER333N epoxy resin and
0.52g of ethyltriphenylphosphonium acetate. The epoxy resin was provided by
ICI Paints Company and was a classic “epi-bis” resin consisting of
epichlorohydrin and Bisphenol-A. The ethyltriphenylphosphonium acetate was
used as a catalyst. These two reagents were heated from room temperature to
50°C under a nitrogen sparge and were agitated by the overhead stir bar. At 50
°C, 193.4 g of bisphenol-A and 115.3g of butoxyethanol were added and the
reaction was heated under reduced pressure to 160 °C.
This stage o f the reaction is schematically represented here [Figure 4.1.5].

Heat

CH| — -CHCHtCJ
Catalyst

0

CH3CH

Polymerization continues at both ends

[Figure 4.1.5|
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The reduced pressure and nitrogen sparge were used for for several purposes.
First, the vacuum line was used to remove the air from above the reaction while
the nitrogen replaced the air. This was done because the catalyst was water
sensitive and would degrade upon contact with water [Figure 4.1.6]

<DV

H20

0

or
EtOH +

0 % s O + HX
0

where X may be OAc or Cl
[Figure 4.1.6|
On the larger, industrial scale, there are several safety factors to consider in this
reaction. At elevated temperatures, volatiles, such as the solvent, could pose an
explosion potential. By removing these volatiles with a vacuum, the potential for
explosions would be reduced. Furthermore, there are chemical considerations
which must be taken into account. Nitrogen, an inert gas, would prevent any
unsuspected side reactions by driving away reactive oxygen.
After the reaction reached 160°C, the heating mantle was turned off and
an exotherm ensued. Then, the reaction temperature was maintained at 175 °C.
The reaction was sampled for percent oxirane and viscosity every 30 minutes until
a viscosity o f 120P was obtained. Then 1.6g of deionized water was added to
destroy the catalyst and “quench” the reaction. The system was then allowed to
cool to less than 90°C as 191.1 g of butoxyethanol and 175.1 g o f n-butanol were
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added as a solvent to decrease the viscosity (this lower viscosity allowed for
easier operator handling.)
Stage Two: Epoxy/Acrylic Grafting
The following day, the system was heated to a reflux (~117 °C) and
grafting reagents were added. These reagents. 95.2 g o f methacrylic acid, 69.0g
o f styrene, and l.3g of ethyl acrylate were mixed into an addition funnel. Then,
16.1g of benzoyl peroxide (70%) was added to the funnel along with 35.6g o f
butoxyethano! as a solvent. This final mixture was added dropwise and
continuously over 2 hours. Upon final additions of this mixture, 20.8g of nbulanol were used to rinse out the addition funnel and added all at once to the
reaction vessel. The system was then held at reflux for an additional hour. This
grafting stage is shown schematically below [Figure 4.1.7].

atyrene
Epoay oligomer

+

Benzoyl pcroaide

+ H1C“CHCO,CIICHj

H:C=C^
CH,

Ethyl acrylate

Methacrylic
acid

Acrylic gratia

[Figure 4.1.7]
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According to the ICI Paints Company procedure, the primary reaction was a
hydrogen abstraction on the tertiary carbon on the epoxy polymer by the peroxy
radical. The acrylic monomers may polymerize from this point. ICI Paints
Company employed l3C NMR techniques to determine that the average number of
grafting sites per epoxy backbone was 2 with each grafted chain consisting of 9
acrylic units3. With few exceptions4, most graft copolymers from free radical
induced grafting processes usually not only lead to the desired graft copolymer
but also to homopolymers and other side reactions. Consequently, the exploration
and detailed characterizations of grafts produced by free radical methods is often
cumbersome and not the focus o f this project.
Stage Three: “Reverse” Emulsification o f Polymer
After the temperature hold from stage two was completed, the system was
comprised of free monomer (grafting acids and acrylates), oligomers o f these
grafting agents, unreacted epoxy resin, and epoxy backbone grafted copolymers.
The grafted epoxy/acid/acrylate copolymers acted as macromolecular emulsifiers
between the grafting polymer and the unreacted epoxy resin.
To prepare this system for suspension in an aqueous medium, a base,
64.0g of dimethyl cthanolamine, was added to the system to neutralize any free
acids. After the system was cooled to below 90 °C, 1777.2g o f deionized water
was added dropwise over three hours. This was called a “reverse” emulsification
because the term emulsification is generally used to describe polymerization
reactions in which water is the continuous phase and monomer is added5. Here,
we had a polymer continuous phase with water being added. The addition o f the
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water eventually created micelles, with the polymer on the inside and the water as
a continuous phase [Figure 4.1.8]

Polar

Mon-polar
cad
Deionized water
Epxoy acrylic polymer

\
/•'-*. a
/

/

1 X

Polymer
dispersed
in an
aqueous
med urn

micelle

[Figure 4.1.8]

The reaction was then cooled to less than 60 °C completing the synthesis.
Analysis and Results
FDEMS sensing was our primary technique for monitoring this reaction.
Considering the synthesis was completed over a two day period, the data are
represented in the same manner. The output for Day One, Stage One is
represented in [Figure 4 .1.9]. Here, the initial value of the log

e

"*

oj

was about 5.3

and as the temperature increased the log e”*o) value also increased. This log
e"*(o increase was due to a decrease in viscosity of the system creating a higher
molecular mobility. As the temperature approached 130°C, the ionic mobility
decreased caused by the increasing molecular weight of the polymer creating a
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high viscosity system. This decrease continued until the reaction was quenched
with deionized water and the solvents were added. The viscosities marked on the
graph are from samples taken from the reaction vessel and tested on a
Rheometrics Rheometer for their viscosity minimum at melt. The dramatic
increase in molecular mobility after the addition of the solvent was due to the
solvent's polar nature and a decrease in the viscosity of the system.

Normal Epoxy Acrylic Synthesis
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Viscosity at Temperature of Melt
[Figure 4.1.9]
Day Two includes the FDEMS output for Stages Two and Three [Figure
4.1.10]. Here it is evident that upon the addition of the grafting components there
was an increase in log e"*w. This increase was due to the initial gradual decrease

126
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

temperature

(C)

Rtaln, CaWyit, Btaptwnoi-A,
and •utoiyathanol In llaak

127

in viscosity of the system caused by the grafting addition. Then log e"*co
decreased as the polymerization furthered. This polymerization continued until a
constant viscosity was reached as was evident by no change in log e " * c d . Then
there was the addition of the neutralizing agent whose polarity made log
s"*co increase dramatically. Finally, the dropwise addition o f deionized water
increased the ionic and dipolar factors of the system so much that the various
FDEMS frequencies responded by a spreading of the frequency lines.

Normal Epoxy Acrylic Synthesis
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[Figure 4.1.10)
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Issues in the Reaction
Industrially significant are several issues within the epoxy acrylic reverse
emulsification polymerization reaction, including catalyst concentration, amine
level, percent oxirane and viscosity.
The initial catalyst concentration is of industrial significance because
varied concentrations would affect both the kinetics and the advancement of the
reaction. Oftentimes operator error could vary the catalyst concentration. Too
little catalyst would cause a slow reaction and create a higher molecular weight
polymer. Conversely, an excess o f catalyst would cause the reaction to proceed
too rapidly leading to a polymer with undesirable properties such as too low a
viscosity/molecular weight. This is illustrated in [Figure 4.1.11] where SI was a
reaction with 25% (by mass) less catalyst, S2 had the correct stoichiometry, and
S3 had 25% additional catalyst. One sees the initial difference in the log
e"*o) values with the highest catalyst concentration showing a higher value and
the lowest concentration showing a lower value. This was expected and the effect
has been quantified and will be illustrated later. It is important to note the end
effects o f initial catalyst concentration. The lower catalyst produced a lower final
log e"*to value. This could be attributed to a higher viscosity/lower mobility
system caused by fewer initiated species producing a longer average chain length.
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Molecular Weight Advancement
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[Figure 4.1.11J
To quantitatively correlate FDEMS sensing output with the catalyst
concentration, the concentrations at the beginning of the synthesis were
incrementally increased. This incrementation is illustrated in [Figure 4.1.12].
Here, there is a strong, positive correlation between the FDEMs output and total
catalyst concentration. The percentages are relative amounts with 100% being the
stoichiomentric equivalent to the amount specified for a normal synthesis.
Variations range from considerably below the recommended amount (21%) to
well above the amount (140%). As is evident by [Figure 4.1.12], there is a
positive, linear relationship between the ionic mobility as measured by log
e"*co and the total catalyst concentration. The ordinate value o f log(e"*w-SP) is
a normalization. The SP is the value o f the e"*to before the addition of any
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catalyst. By measuring the ionic mobility o f the epoxy resin prior to catalyst
addition, one can monitor and account for any variance between different batches
o f resin. This relationship would allow a reactor operator using FDEMS sensing
to know the state of the epoxy resin prior to catalyst addition and the catalyst
concentration at the onset of the reaction, providing an opportunity to make
corrections prior to the onset of polymerization.

Epoxy Catalyst Concentration
log e"*w-SP vs. Catalyst Concentration
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[Figure 4.1.12)
The dimethyl ethanolamine (DMEA) concentration is also o f interest.
Unquantified additions o f DMEA would lead to systems with varying acid
concentrations. This could be detrimental to the aluminum can as well as lead to
potential processing problems. To monitor the DMEA concentration the amine
was added incrementally in the same manner as the catalyst concentrations.
Considering that Stages I and II affect the ionic mobility, the amine correlation
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was normalized to the starting conditions in the same manner as the catalyst
concentration. This correlation between the amine levels and the ionic mobility is
illustrated in [Figure 4.1.13].

DMEA C oncentration
log e"*w-SP vs. % Normal Stoichiometry
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[Figure 4.1.13]
Once again there is a strong, positive correlation between the
concentrations levels and the log

It is important to note that the FDEMS

output is on a logarithmic scale, thus emphasizing the sensitivity o f this technique.
This sensitivity suggests that the amine level can be monitored with precision.
The percent oxirane was also a factor of interest. It is a chemical
technique used to determine the number o f unreacted oxirane units and thus an
indirect measurement of the extent o f the reaction. There was considerable
variation in the calculated percent oxiranes for similar log e"*o) outputs.
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Furthermore, there was a difficulty in the redundancy when performing duplicate
titrations on the same sample. Titration volumes would vary by as much as 20%.
This is potentially due to the incomplete quenching of the reaction and its
continued advancement with time in the sample after removal from the reactor.
Considering the variations were repeated on subsequent runs and had no
consistency in variation, this technique seemed limited for this application. Thus,
another technique to determine the advancement of the system was needed. For
this, in-situ viscosity measurements were employed.
There was a good correlation between in-situ viscosity and the FDEMS
sensing. Viscosity measurements were made using a Brookfield Viscometer,
which was calibrated using viscosity standards of 9.5P and 950P provided by
Brookfield, and by a Rheometric Rheometer. Using the Rheometric’s device,
correlations between FDEMS output and rheometric data were made. The
technique involved removing a sample from the reaction vessel and dividing in
into two parts. One part was monitored by a pre-heated FDEMS sensor in a
160°C oven and the other part was placed into a 160°C rheometer with parallel
plate configuration. The following correlations were observed for two of the
samples [Figure 4.1.14].
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Log e"*w vs log eta(P)
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[Figure 4.1.14]
This correlation was promising so the next step was to create an in-situ technique
for monitoring the viscosity without using a “sample and test” method. For this, a
Brookfield rheometer was used. Initially, the calibration of the in-situ viscosity
with FDEMS output involved taking a viscosity sample and correlating this data
with the ionic mobility at that time [Figure 4.1.15]. This technique showed a
variance within the relationship. Therefore, normalization was needed. To
normalize the data, the maximum ionic mobility o f each run, referred to as the

133

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

M onitoring V iscosity in Epoxy Acrylic
(no normalization)
i.a

7
6.5H

«
8*

6
5.5-

a

■

a

5

■
4.5
-0.5

05

'

0

+

Run 1 a

i! s

"T

1
log eta P

Run 2

*

Run 3

t
Z5

2 *
In p a u s p

■

3

Run 4 ^

[Figure 4.1.15|
peak, was divided into the log e"*w measurements for each viscosity point. This
correlation shows an improved correlation with viscosity [Figure 4.1.16].
The “end point” illustrated on the ordinate is the viscosity level at which the
synthesis should be quenched according to our synthetic criteria.
FDEMS sensing was also able to monitor the grafting component
approach to constant viscosity [Figure 4.1.7]. Here, upon the addition of the
grafting components there was an increase in the log e"*co value due to the
increased ionic content of the system caused by the acrylates. Then, as the
grafting o f the epoxy acrylic backbone continues, the log e"*co value decreases
and approaches a constant value. This indicates that the system has achieved an
equilibrium and a constant viscosity.
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Monitoring Viscosity in Epoxy Acrylic;
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M onitoring Grafting C om ponent Approach
to Constant V iscosity
5Hz, 50Hz, 500Mz, 5kHz. 500kHz

55019|

|W ] [-450
i

5 7:
*

5

pOO
- 350

x
6

.

-

■

300

v

*

4 5.5 '

L250

- 5.4

C
1

200 .uS
Adonw .ol WHnuB

5.3

tyn*«0fqnpcrartt

5.2 U

—

j

^

—___ «oU

—

~

- ■. — ______

-- ~~

-100

5.i j

Iso

I

550

|

i

75

100

125

150

175

200

225 _ T s o ”

275

T iim -

[Figure 4.1.17]
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Conclusions
Overall, FDEMS sensing was sensitive to multiple issues in this epoxy
acrylic reverse emulsification polymerization. Of particular industrial
significance was the quantification o f the catalyst and DMEA concentrations,
monitoring the change in viscosity during grafting, and monitoring the changing
viscosity associated with the increase in molecular weight. Each of these factors
will affect the quality of the final product. Since this work has been completed, a
rugged FDEMS sensor was installed in a pilot plant in Strongsville, Ohio and is
monitoring this reaction for in-plant analyses.

The probe is pictured below

[Figure 4.1.18]. It is the future goal o f this project to install these probes in
production plants for an on-line and in-situ quality assurance measurements.
Stainless steel rods

FDEMS sensors
[Figure 4.1.18)
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Chapter 4.2
Polyester Synthesis
History and Application
Though empirically observed in the glyceryl phthalate coating and
impregnating materials during World War I, detailed study of polyesters began
with Flory and Carothers in the 1920’sl. Through these individuals evolved the
principles o f step polymerization and the relationships among molecular structure,
molar mass, and polymeric properties. These studies, coupled with the
discoveries o f nylon 6,6 by Carothers in 1935 and that o f poly(ethy!ene
terephthalate) by Winfield and Dickson in 1941, led to the expansion o f the
contemporary synthetic textiles industry2. The polyester synthesized for this
research is used as a precursor for multiple applications. The exact types of
applications are proprietary.
Chemistry
This polyester reaction is a condensation reaction between two diols and
two diacids. The diols were neopentyl glycol and trimethylolpropane while the

P
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diacids were adipic acid and isophthalic acid [Figure 4.2.1]
The reaction between the diols and diacids is shown schematically in
[Figure 4.2.2]. The “R” group could represent either diol or diacid.

HO—

R —

OH

♦

o
HO C-

Rt

o
-CO H

i**

[Figure 4.2.2)

The primary step is the protonation of the alcohol and then the subsequent
removal of water. This reaction polymerizes due to the bifunctionality of the
monomers, thus allowing a condensation reaction to occur at either end of the
molecule. This reaction will continue until either all o f the diacids or all o f the
diols are consumed. Considering the monomers are bifunctional only, the
resulting polymer is a linear polyester with the ester linkage highlighted in [Figure
4.2.2]. In this synthesis, a drying agent, trimellitic anhydride, is used to remove
any residual water. This reaction is illustrated in [Figure 4.2.3]
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[Figure 4.2.3|
Apparatus
The reaction was carried out in a three liter, quad-fluted, roundbottom
flask. The flask was outfitted with a packed column with a condenser attached,
air driven stir-bar, and a FDEMS sensing probe. The last flute was used for the
addition of the reagents and was closed with a glass stopper when not in use. A
Glas-Col heating mantle was used as the heat source and nitrogen was eluded into
the system by a plastic tube which was attached to the stir-bar column adapter.
This apparatus is pictured in [Figure 4.2.4]
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(Figure 4.2.4|
The FDEMS sensing probe was identical to the probe used for the epoxy acrylic
synthesis.
Procedure
To the three liter vessel was added 893.Sg of neopentyl glocol and 508.7g
of trimethylolpropane. The heating mantle was turned on, a nitrogen sparge was
activated, and the solids were melted. After the solids were melted, the overhead
stir-bar was turned on, the 777.7g o f adipic acid, 766.9g o f isophthalic acid, and
0.52g of Fascat 2001 catalyst were added. Upon the melting of these reactants,
the FDEMS probe was inserted into the system. The system was then heated to
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230°C. The distillate eluting from the condenser was sampled periodically for its
refractive index. Also, periodic samples from the reaction vessel were removed
and analyzed for their Acid Number. After holding the batch temperature at 230
°C until the Acid Number was less than 5, the system was then cooled to 180°C
and 28.9g o f trimellitic anhydride was added. The temperature was then held at
180 °C and the reaction was sampled every 30 minutes until an Acid Number of
less than 13 was achieved. The reaction was then cooled to less than 150°C and
344.0g o f Aromatic 150 solvent and 529g of butoxyethanol were added to the
system. The reaction was then allowed to cool while mixing.
Analysis and Results
The FDEMS sensor output for a polyester synthesis is illustrated in
[Figure 4.2.5]. The beginning o f the data had a high ionic mobility which was
indicative of a low viscosity system where the motion o f the ions was the primary
contribution to log e"*co. As the temperature increased, the reaction progressed
and a higher molecular weight polymer was formed. This was seen as the log
e"*(o value decreased over time. Then, as this value became constant, the initial
condensation reaction neared completion. It was then that the trimellitic
anhydride (TMA) was added. This addition was marked by an increase o f the log
e"*(o value due to the highly polar nature of the species. Then, the addition of
the solvents caused another increase in the ionic mobility as the viscosity o f the
system was decreased and the ionic content increased.
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Normal Polyester Synthesis
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[Figure 4.2.5]
Issues in the Reaction
There are two issues o f industrial significance that were addressed in this
synthesis: Acid Number and the refractive index of the distillate.
The Acid Numbers o f the samples taken during the synthesis were
germane because they established the criteria for the termination of the reaction.
In an industrial setting, a sample is taken from a reactor and analyzed in a remote
laboratory. If this sample has an Acid Number of a certain value, then the next
stage of the synthesis would be undertaken. The problem with this technique is in
the timing. Considering the reaction is continuous and the Acid Number titration
technique takes about an hour to perform, any Acid Number data would be at
least an hour behind the actual reaction. These timing problems are considerable.
There is a need to establish an in-situ technique for the determination o f end point
criteria.
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To accomplish this, samples were removed from the reactor and their Acid
Numbers determined. Then, this Acid Number was correlated with FDEMS
sensor data at the time o f sampling. The correlation o f the absolute, on-line
measurement o f the ionic mobility, log e"*w, against Acid Number is [Figure
4.2.6].

Polyester absolute log e"*w vs Acid #
before TMA at 50kHz
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[Figure 4.2.6]
It was evident that there was a strong, positive correlation of the sensor output
with Acid Number. The data was normalized by taking the highest log e"*g>
value of a synthesis, called the peak, and dividing the absolute log e"*(o by this
value. The resultant normalized relationship is illustrated in [Figure 4.2.7],
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Another technique employed to correlate the on-line FDEMS method with
Acid Number was a slope analysis. The slope analysis involved taking the change
in log e"*to over the change in time and normalizing to the log e"*g) value at that
point, {(dlog e"*co /dt)/log s"*w }. This is shown in [Figure 4.2.8]. This
illustration shows that the change in the slope o f the line (change in rate o f
reaction) correlates well with Acid Number. This indicates that as the FDEMS
output began to flatten out and the rate o f change became constant, the Acid
Numbers became very low (<3).
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A final correlation of the Acid Number and FDEMS output was a ratio of
the loss factor,

e",

to the permittivity, s' [Figure 4.2.9]. This relationship shows

that as the Acid Number decreased the ratio of ( e 'Ve ' ) decreased exponentially.
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It is important to note the variability within the titration technique used to
obtain the Acid Number. Two samples were measured at each point and the
average o f their Acid Numbers was used in the graphs. There can be a deviance
of as much as 0.5 of an Acid Number on successive titrations of the same sample.
Overall, the on-line FDEMS measurement appeared much more sensitive than the
titration technique.
The refractive index was another industrially important parameter to
monitor in this reaction. It was used to determine the efficiency of the packed
column and to see if and/or how much of the neopentyl glycol was eluding. To
accomplish this task, a calibration curve for the concentration of neopentyl glycol
with refractive index was made. Samples o f small, incremental masses o f
neopentyl glycol were dissolved in deionized water. These samples were then
held in a 25°C contant temperature water bath overnight to allow temperature
equilibrium. The refractive indexes were then taken on the samples and this was
correlated to concentration [Figure 4.2.10]
During the synthesis, the refractive index o f the distillate was measured
incrementally from the time the first drops eluded until the time the last drops had
fallen to verify the condenser is working effectively. The first samples had higher
refractive indexes while subsequent refractive indexes were near that of water
[Figure 4.2.11].
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Refractive Index Calibration Curve
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It is believed that the initial high refractive index was due to the melting o f the
diols. Some o f the neopentyl glycol vapor may have eluded into the condenser
and solidified. Then, as the reaction continued and the first drops of water started
to condense, they dissolved the solid neopentyl glycol and thus ended up in the
distillate. Once more water eluded and the residual diol was completely
dissolved, the refractive index remained close to that of water.
Conclusions
The FDEMS sensing technique seems capable of monitoring the
polymerization of this polyester synthesis as is evident by the dramatic, three
order o f magnitude change in the log e"*(o values as the polymerization occurs.
This output can then be correlated to the current industrial analysis o f Acid
Number. The coupling of the on-line and in-situ sensor output with this chemical
technique has the potential to reduce the time needed to analyze a sample to
determine when to proceed to the next synthetic step and to reduce the total error
in the analysis by reducing the inherent error involved in the titrations.
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Chapter 4.3
Latex Emulsion Synthesis

History and Application
The production of stable lattices by emulsion polymerization has been
under investigation for seventy years. One of the earliest patents on emulsion
polymerization was filed by Dinsmore o f Goodyear Tire and Rubber Company in
19291. Emulsion science was forced into the forefront during World War II by
the need for a replacement for natural rubber. Out o f this research GR-S rubber
(Government Rubber-Styrene) was “bom.” GR-S is more commonly known
today as SBR or Styrene-Butadiene Rubber.
Emulsion polymerizations are heterogenous free radical reactions
consisting o f a monomer in water, where the water acts as the continuous phase.
Most emulsion polymerizations consist of four components: water, monomer,
surfactant, and initiator. The product o f an emulsion polymerization is a colloidal
system known to most as latex. Latex can be defined to be a stable dispersion of a
polymeric substance in an essentially aqueous medium.
The characteristics of the final latex are usually of the greatest importance
to the industrial world. Thus the close control of the synthetic procedure to
ensure the quality and reproducibility o f the system is important. The resulting
latex is used in a diverse number o f applications including paints, adhesives,
foams, rubber, paper and textiles.
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Chemistry
A latex synthesis is created by the mixing o f a monomer, surface active
agent (surfactant), and an initiator (free radical source) within an emulsive
medium (e.g. water). The monomers used were butyl acrylate and methyl
methacrylate [Figure 4.3.1]
ch3

H2C :==CHCOCH2CH2CH2CH3

h2c =

ccoch3

Methylmethacrylate

Butyl Acrylate
(Figure 4.3.11

The emulsive medium employed was deionized water. Deionized water
was used for three primary reasons: it is inexpensive, has excellent heat transfer
properties, and is environmentally safe. The surfactants used were either Aerosol
OT-7S or MA-80. A surfactant was utilized because it is an amphipathic
molecule allowing the monomer to become solubilized in water. Solubility is
accomplished because o f a surfactant’s natural duality. Being comprised o f two
portions: the hydrophobic (water-hating) and hydrophilic (water-loving) ends,
these amphipathic molecules are used to help stabilize colloidal dispersions. They
achieve this by orienting themselves with their hydrophobic end towards the
monomer and hydrophilic end towards the water. This new structure surrounded
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by the surfactant is called a micelle. The interface between the micelle and the
continuous phase has a defined interfacial tension o f y. Surfactants
characteristically decrease the interfacial tension of a solution. This dispersed
state is characterized by a change in the free energy of the system, dG=ydS, where
S equals the specific surface area and G is the free energy2.
Thermodynamically all colloidal systems are unstable. The natural
tendency o f these systems is to decrease the large specific surface area and excess
energy by aggregating. Therefore, unless some barrier prevents the aggregation
o f particles the colloidal system becomes unstable. This instability leads to
particle coalescence. Surfactants are used to prevent such coalescence3.
Polymerization takes place within the micelle where a small amount of
monomer, (a combination o f methyl methacrylate and butyl acrylate) called the
“seed”, is initiated by a free radical source. Additional monomer, called the
“feed”, is added dropwise and enters the micelle where it too is polymerized.
This reaction is schematically shown in [Figure 4.3.2]

W ater
Medium

M M A+BA

surfactant
[Figure 4.3.2]
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Apparatus
The apparatus employed was a 3-liter round-bottom 4-fluted flask
outfitted with a condenser, an addition funnel, electric stir-bar, temperature
controlled water bath, nitrogen sparge, and FDEMS probe with thermocouple.
The FDEMS probe used for this synthesis was a parallel plate configured
capacitor [Figure 4.3.3]. This was attached to the end of a stainless steel rod and
inserted into the reaction flask.

Capacitor

\

»

[Figure 4.3.3]
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Procedure
The synthesis began with the addition o f lOOOg o f deionized water
followed by the addition of the Sg of surfactant. The reaction vessel was then
heated to 75°C and held for 40 minutes. Twenty five grams o f “seed” monomer
was added and held at 75°C for 20 minutes. One and one-half grams o f catalyst
was added and the mixture was held for a additional 30 minutes until the
beginning of the “feed” monomer. A total of 750g o f feed monomer was added to
the reaction vessel. Upon completion of additions, the system was cooled to room
temperature.
Issues in the Reaction
There were three industrially significant issues involved in this latex
emulsion polymerization. The first issue was whether the FDEMS technique
would be sensitive to the various specific synthetic steps in the reaction. The next
issue was can we quantify the FDEMS output to the surfactant concentration for
two different surfactants (MA-80 and OT-75). Lastly, can FDEMS output be
correlated to the latex particle size during the “feed” stage of the reaction.

156
R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

157

Results and Analysis
The representative FDEMS output for this synthesis is illustrated in
[Figure 4.3.4] with the various synthetic steps labeled.
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[Figure 4.3.4]
The frequencies used were 100kHz, 10kHz, 1kHz, 0.12kHz and 0.1 kHz and they
are from top to bottom in [Figure 4.3.4]. It is evident from this illustration that
this type o f monitoring is quite sensitive to each o f the synthetic steps. The sensor
output on a logarithmic scale changed over 8 orders o f magnitude.
The sensor output seen in [Figure 4.3.4] shows particular sensitivity to a
number o f synthetic steps. During the addition o f surfactant, there is a two and
one-half order o f magnitude increase in the conductivity of the system. As the
seed monomer is added, there is a drop in the conductivity of the system. This
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temperature (C)

10.00

was caused by the highly ionic surfactant’s mobility being reduced due to its
coordinating around the seed monomer. The creation of micelles effectively
reduced the number o f mobile particles contributing to the log e " * g j value. The
addition o f catalyst added ionic species and the log c"*co value increased. Finally,
continuous addition of the feed monomer allowed the particle size to increase
resulting in the lower mobility o f the system after 120 minutes.
The sensor output was correlated to the surfactant concentration for two
different proprietary surfactants, OT-75 and MA-80. The sensor was submerged
in deionized water with different amounts o f each surfactant while being
monitored on the same frequency sweep as during the synthesis. The surfactant
amount was reported in the weight percent of surfactant to deionized water. The
FDEMS output was reported on a non logarithmic scale with the output being
normalized by subtracting the FDEMS reading of the deionized water starting
material, SM. This correlation is illustrated in [Figure 4.3.5] and [Figure 4.3.6].

158
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

159

Latex Surfactant OT-75
250.00
200.00

-

* ■ 180.00 |

S' e
*

100.00

-

80.00 0.00
0.00

0.10

0.20

0.30

0.40

0.80

0.60

0.70

0.80

0.90

1.00

0.90

1.00

w/w% Surfactant/D ! W ater
□

1kHz

■+•

12kHz

•

1kHz

X

10kHz

Z

100kHz

[Figure 4.3.5]
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One can see that the higher frequencies are more sensitive to changes in the
surfactant concentration.
Lastly, there was a desire to see the sensitivity o f the FDEMS output to
changes in latex particle size. Therefore, periodic samplings were taken of the
feed section of the from the OT-75 surfactant system. These samples were sent to
The ICI Company for particle size analysis. The results from these analyses vs.
FDEMS output are illustrated in [Figure 4.3.6]. These results show that there was
a 2 order o f magnitude change in the FDEMS output for a particle size increase
from 35nm to 120nm. The particle size leveled out at about 120nm as was
expected by The ICI Company for this system. The results from this analysis
were quite promising. The particle size is a crucial parameter which
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[Figure 4.3.7]
would greatly benefit from an on line and in-situ technique. Further analyses of
this type were desired by The ICI Company, therefore, a rugged FDEMS probe
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was built for installation in a pilot plant. This probe was outfitted with a high
temperature capacitor and thermocouple and will be shipped to the pilot plant in
the near future.
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Chapter 4.4
Emulsions for Lotions
Emulsions are suspensions o f oils in water by surfactants. The suspension
studied is used in the cosmetics industry as a core ingredient for hand and face
lotions. O f key importance to this study are four factors: determining FDEMS
sensitivity to monitoring the specific synthetic steps, ascertain when the system
goes from an oil continuous to a water continuous phase, establish how long it
takes the lotion to attain a stable viscosity and monitor the lotion degradation at
elevated temperatures.
Chemistry
This synthesis is a non-reactive suspension o f mineral oil and stearyl
alcohol by two proprietary surfactants named Brij 721 and Brij 72 within a
deionized water environment.
Apparatus
This synthesis was carried out in a lSOml beaker suspended in a constant
temperature bath held at 70°C. Both bath and beaker were on a magnetic stir plate
and a teflon coated stirbar was placed in the beaker. The beaker was also outfitted
with a lid to minimize evaporation.
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Procedure
To the beaker was added 8g o f mineral oil, lg o f stearyl alcohol, 2 g of
Brij 721 and 2g o f Brij 72 and heated to 70 °C. Separately, 87g o f deionized
water was heated to 75 °C. The water was added to the beaker dropwise by the
addition funnel while stirring the system. Upon completion o f additions, the
system was monitored while cooling.
Analysis and Results
The FDEMS output for the synthesis is shown in [Figure 4.4.1 ]. It is clear
that the FDEMS sensor is sensitive to the melting o f the surfactants and to the
addition o f deionized water by the dramatic change in the conductivity of the
system. It is o f importance to note that the addition of deionized water was very
slow and continuous from 55 minutes to 150 minutes. The point illustrated as PI
on [Figure 4.4.1] is what could be the phase inversion point where the system
goes from an oil continuous phase with water suspensions to an aqueous
continuous phase with oil suspensions. At this point approximately 4ml o f water
was added and further additions o f water do not make a considerable change in
the conductivity. On the other hand, prior to this point the addition o f 4ml of
water generated a significant 4 order o f magnitude change in the conductivity.
[Figure 4.4.1]
After the addition of deionized water was completed, the system was
allowed to cool while being continuously monitored [Figure 4.4.2]. One sees that
there is a decrease in the conductivity as the temperature decreases. This is
expected as the viscosity of the system increases the mobility will decrease. One
notices that at about 250 minutes and a constant temperature o f 20 °C there is little
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change in the conductivity o f the system. This could indicate that the system has
reached equilibrium and “set up.” Practically, the system reached stability once at
room temperature and required no further time to “set up.” Therefore the next
stage in processing could take place without delay.
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[Figure 4.4.2]

The next investigation was to determine the temperature at which the
lotion degraded. This was accomplished by placing a small amount of the lotion
in a scintillation vial outfitted with a FDEMS sensor and thermocouple. The
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Temperature C

-70

8.80 -

system was then heated at 0.5 (°C/minute) while being monitored both
dielectrically and visually. The determination of when there is a visual phase
separation of a stable emulsion is the primary technique used to estimate the
stable temperature zone for a particular surfactant. [Figure 4.4.3] illustrates the
effect on conductivity o f the system as a function of temperature.
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[Figure 4.4.3]
As the temperature increases there is an initial increase in the conductivity but at
approximately 40 °C there is a flattening and eventual decrease in conductivity
with increasing temperature. This change in the conductivity o f the system may
have been the initial onset o f the phase separation phenomena. The onset of
visual degradation occurred at about 49 °C. Thus, FDEMS seemed to be sensitive
to the onset 9 °C earlier than could be established by the conventional, visual
method. This was expected because FDEMS is monitoring at a molecular level
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while the visual technique views the macroscopic effect o f the molecular level
changes.
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Chapter 4.5
Saponification o f Span 80 Light Synthesis
Span 80 Light is a surfactant made by a saponification reaction o f natural
fatty acids with alcohols. The fatty acid is oleic acid derived from animal
renderings while the alchols are from sorbitol derived from various sugars. The
product is used in cosmetics and food products as an oil-water stabilizer.
Synthesis and Chemistry
A laboratory synthetic approach was developed for use by scaling back a
currently employed production-level process. A FDEMS sensing probe was
designed and fitted for use in a 2-liter S-necked roundbottom flask (RBF). The
glassware was assembled in the same manner as was done on a site visit to the
Uniqema Delaware facility. All reagents were provided by Uniqema. The
synthetic approach follows:
Synthesis
1) Add oleic acid and start heating. Start N2 blanket.
2) Add Sorbo I when oleic is at 50°C with stirring set at 300rpm.
3) Start N2 sparge.
4) Add phophorous acid and let stir for 10 minutes.
5) Add caustic NaOH dropwise from addition funnel.
6) When temperature reaches 120°C, hold 30 minutes.
7) Raise temperature to 204°C, hold 60 minutes.
8) Raise temperature to 255°C and hold for 80 minutes.
9) Cool to room temperature and add phosphoric acid.
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The reactions taking place are quite numerous. This creates a plethora o f
possible products but two primary types of reaction occur: anhydration and
esterification.
Anhydration
ROH + R’OH

-*•

alchohol + alcohol

ROR’ + H20

-►

ether +

water

Esterification
RCOOH + R’OH

^
*•*

fatty acid + alcohol

RCOOR’ + H20
ester

+ water

The anhydration o f sorbitol (Sorbo 1) can create many products ie
furanoses [Figure 4.5.1]
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[Figure 4.5.1]
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The esterification reaction is between the fatty oleic acid and an alcohol group on
either the sorbitol or one o f its derrivatives. This product can then anhydrize,
hydrolize, esterify, alcholate, and/or eliminate [Figure 4.5.2]
E sterificatio n
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[Figure 4.5.2]
Multiple FDEMS monitored syntheses o f Span 80 light have been
completed. The masses of the reagents and time scale for events for the
illustrated synthesis are in [Table 4.5.1] and [Table 4.5.2]. Various sample
aliquots were removed from the reaction vessel at times determined to be critical
by researchers at Uniqema. These samples were sent to the Uniqema laboratories
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where Acid Value, Hydroxyl Value, and Saponification Value analyses were
performed. The results of the titration analyses by Uniqema are in [Table 4.5.3].
All times are relative to the FDEMS output (see [Figure 4.5.3]).
The titration analysis was to determine Hydroxyl Value (OH #), Acid
Value (Acid #), and Saponificaiton Value (Sap #). These values are defined as
follows:
1)

Hydroxyl value is the measure o f unreacted OH groups and is related to the
degree o f esterification + anhydrization.

2)

Acid Value is the measure of the residual free acid.

3)

Saponification value is the measure o f the ester + free acid.

(Table 4.5.1]
mass fe)
618.12
358.86
0.981
5.582
2.689

Reagent
Oleic Acid
Sorbo I
Phosphoric Acid
Sodium Hydroxide (50%)
Phosphorous Acid
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A
B
C
D
E
F
G
H
I

[Table 4.5.2)
Time Scale for Synthesis Relative to FDEMS
Time f minutest
Event
Svmbol
8.6
Oleic Acid added
29.2
Sorbo I added
39.6
Phosphorous Acid added
52.5
Sodium Hydroxide added
75.8
begin 120°C hold for 30
minutes
135.7
begin 204°C hold for 60
minutes
212.0
begin 255°C hold for 80
minutes
367.2
Phosphoric Acid added
380.0
Heating Mantle removed

[Table 4.5.3)
Sampling' 'ime Scale Relative to FDEIV S Output
S an #
OH#
Acid#
Time (mint
10.2
107*
194.4
198.1
122.5
178.1
83.3
193*
261.5
19.6
151.4
213*
314.3
229
146.8
4.48
265.7
149.3
3.51
245
231.4
151.7
266
2.81
202.5
2.24
153.6
292
177.8
0.94
154.2
315
170.7
164.5
2.35
End o f reaction
* Samples were nonhomogeneous. They were stirred prior to analyses.
[Figure 4.5.3] illustrates the FDEMS output for atypical Span 80 Light
synthesis. The figure is labeled with each synthetic step according to [Table
4.5.2]. From [Figure 4.5.3], which is on a 7 decade log plot, one can see that there
were magnitudinal changes in the FDEMS sensor output throughout the reaction
progress. This showed the potential for FDEMS to be sensitive to a number o f
applications in the Span 80 Light synthesis. From the experiments performed it
seemed that FDEMS sensing should provide an in-situ online method to
monitoring the following:

173
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

174

^ T h e dehydration of the sorbitol during the 120°C hold.
-♦The esterification and anhydration during the 250°C hold and
subsequent change in Acid, Hydroxyl, and Saponification values.
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[Figure 4.5.3]
[Figures 4.5.4,4.5.5, and 4.5.6] expand on 0.5, l, and 3 decade scales
respectively, show the three temperature holds at 120"C, 204°C, and 255°C.
First we examine the 120°C hold. Here, one assumed the predominant
phenomena was the dehydration of the sorbitol. One can see that there was a
definite decrease in the log e ” * w values for this zone [Figure 4.5.4]. During this
time there was half an order of magnitude change in the conductivity o f the
system. This was thought to happen for two reasons. First, the dehydration o f the
sorbitol left a system with less water therefore fewer H+ charge carriers. Second,
the loss of water also lead to a less mobile system with an increased viscosity.
Both o f these reasons produced the gradual decrease in the conductivity o f the
system as the dehydration proceeded.
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[Figure 4.5.4]
During the 204°C hold there was almost no change in the log e”*w value
[Figure 4.5.5]. After discussions with Uniqema researchers, it was revealed that
this temperature hold was originally designed to promote the anhydration over the
esterification reaction. It was further stated that the current school o f thought was
that there was little reaction during this hold and the majority o f the anhydration
and esterification occured during the 255°C hold. From the FDEMS output in
[Figure 4.5.5], it would appear that this later hypothesis was confirmed as there
was little detectable change in the FDEMS output during this stage.
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[Figure 4.5.5]
The 255°C hold seemed to be where the majority of the reaction took place
[Figure 4.5.6]. Here there was an order and a half magnitude drop in the FDEMS
output for this region. It seemed that it took about 40 minutes (from 210 min to
250 min) for this reaction to take off. Initially the conductivity o f the system rose
slightly. This rise may have been due to the anhydration reaction creating water
and thereby H+ species along with furanoses. The addition of water resulted in an
increase in conductivity. As the water was created, it also was being driven off,
giving the slight rise then slight decrease in conductivity over the 200 to 250
minute period. From 250 min to 320 min a large drop in sensor output occurred.
This was due to the increase in the viscosity o f the system as the molecular weight
increased with reaction advancement o f the esterification to form surfactants. To
support this hypothesis, we next examined the relationship between the chemical
analysis from Uniqema laboratories and the sensor output.
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[Figure 4.5.6]
[Figures 4.5.7 to 4.5.10] illustrate the change in sensor output with Acid Number,
Hydroxyl Number and Saponification Number. [Figures 4.5.7 & 4.5.8] are the
Acid Number data. [Figure 4.5.7] illustrates that there was not a significant
change in the FDEMS output until the Acid Number became less than 5. From
Acid Number 5 to 0 there was a large change in the FDEMS output [Figure 4.5.8]
This indicated that FDEMS was particularly sensitive in the lower Acid Number
regions in the last half, and presumably most critical portion o f the reaction
advancement progress toward completion.
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[Figure 4.5.9] is the sensor output vs. Hydroxyl Number. In this case
FDEMS seemed particularly sensitive in the 270 to 170 range.

Span 80 Light Synthesis
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[Figure 4.5.9]
[Figure 4.5.10] is the sensor output vs. Saponification Number. Here FDEMS
seems particularly sensitive in the 151 to 155 range.
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Conclusions
[Figure 4.5.3] suggested FDEMS was a sensitive in-situ on-line method to
monitor the various synthetic steps in the Span 80 Light reaction. Furthermore,
[Figure 4.5.4] demonstrated FDEMS was able to monitor the progression of the
dehydration o f Sorbitol during the 120°C hold. FDEMS detected little change in
the system during the 204°C hold [Figure 4.5.5] where it confirmed that there was
little reaction. On the other hand, there was a large change in the FDEMS output
during the 255°C hold [Figure 4.5.6].

Here there was sensitivity to the

anhydration formation of furanoses during the inital 50 minutes and the
esterification formation o f surfactants during the later stage with particular
sensitivity to the approach towards reaction progress completion. This sensor
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output could then be correlated to conventional aliquot laboratory measurements
of Acid Number, Hydroxyl Number and Saponification Number [Figures 4.5.7 to
4.5.10].
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Chapter 5.0
General Conclusions
The previous chapters showed that FDEMS sensing is a powerful
analytical tool for monitoring in-situ the physical and chemical changes occurring
during chemical processing. In-situ analyses of thermoplastic/thermoset
composite blends were capable o f measuring the conductivity prior to phase
separation, the phase separation phenomena, the morphology of the system, and
the post phase separation evolution of Tg in both continuous and occluded phases.
These results were correlated with classical analytical techniques such as
rheological, TEM, and thermal analysis. Furthermore, the FDEMS technique
provided insight into the fundamental understanding of the conductive mechanism
o f these systems. The ability to monitor and understand all of these changing
factors is instrumental in controlling the final morphology and eventual end
product properties of these high performance, high Tg, thermoplastic systems
during reactive processing.
In the industrial batch reactor setting FDEMS has proven to be a sensitive
molecular probe to monitor the changing viscosity o f the system as well as
capable of monitoring various chemical concentrations. It followed the reaction
advancement profile o f 5 systems: epoxy acrylic, polyester, latex emulsion,
emulsion for lotions, and span-80 light, and was sensitive to monitoring each
individual step in the reaction syntheses. The sensor output was correlated to
industrially significant processing parameters such as particle size and various
laboratory chemical analyses used to monitor the reaction progress. The FDEMS
technique was able to monitor the stability and degradation o f emulsions. Due to
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the industrial application potential of FDEMS to these types o f environments, a
rugged probe was designed, fabricated and ultimately installed in a pilot plant
reactor. The future objective o f this portion o f the research is to create a closed
loop, automated, intelligent, on-line system for process control.
Overall, the results discussed in this work demonstrate that understanding
of the evolution of macroscopic physical and chemical properties is essentially a
function and summation o f the molecular properties. It is this fundamental
understanding of the molecular basis of changes in macroscopic product
properties that illustrates the utility of FDEMS sensing as an effective in-situ
analytical tool.
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